REMARKS 

In light of the Examiner's restriction and the current amendments, claims 1 1 1 and 1 14 are 
cancelled with the proviso that the subject matter may be later claimed by continuation or 
divisional application. Claims 94-1 13, 115 and 1 16 remain pending (claims 1-93 were 
previously cancelled). 

Applicants appreciate the Examiner's comments regarding the objection to claims 94 and 
108, and have amended the claims accordingly. In light of those amendments, claims 103 and 
104 have also been simplified. 

No new matter has been added. 

Response under 35 U.S.C. §112, first paragraph . 

The Examiner has rejected claims 101 and 115-116 under 35 U.S.C. §112, first 
paragraph, under the written description requirement regarding Applicants' use of the term 
"precursor prostaglandins." In making this rejection, the Examiner appears to be questioning 
whether, under the written description requirement, whether Applicants have presented any 
prostaglandin precursor other than latanoprost. See Applicants' specification at page 3, lines 27- 
28. This is not an issue of enablement, but rather one of written description. 

It is well settled that while the purpose of §1 12, first paragraph, is to ensure that there is an 
adequate disclosure of the invention for which patent rights are sought and the purpose of the 
description requirement is to state what is needed to fulfill the enablement criteria, these 
requirements may be viewed separately but they are intertwined. Kennecott Corp. v. Kyocera 
International Inc., 5 USPQ2d 1 194, 1 197 (Fed. Cir. 1987) ("The written description must 
communicate that which is needed to enable the skilled artisan to make and use the claimed 
invention.") 

Turning to the statement from Applicants' specification quoting the use of a 
prostaglandin precursor, refers to latanoprost in paragraph [0016] as "another new type of drug . . 
. which enhance outflow are also in current use." One of ordinary skill in the art would 
therefore, as part of his/her full knowledge, be familiar with such drugs if they are in current use, 
and would know which drugs are being referred to as a prostaglandin precursor for the stated 
purpose. Applicants have extended the definition of which drugs are intended by exemplifying 
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latanoprost. Nowhere, however, do Applicants limit the claimed pharmaceutical composition to 

only latanoprost, nor are they so required by the law. 

The courts have explained that "adequate description under the first paragraph of 35 

U.S.C. §112 does not require literal support for the claimed invention. Rather, it is sufficient if 

the originally-filed disclosure would have conveyed to one of ordinary skill in the art that the 

appellant had possession of the concept of what is claimed." Ex parte Parks, 30 USPQ2d 1234, 

1236 (BPAI 1993). Since the purpose of the law is to provide satisfaction of the description 

requirement to insure that subject matter presented in the form of a claim subsequent to the filing 

date of the application was sufficiently disclosed at the time of filing so that the prima facie date of 

invention can fairly be held to be the filing date of the application, Applicants have met this goal by 

not only providing the class of compositions referred to, but also an example of a member of the 

class known to the skilled practitioner.. 

It is well established that a patent applicant is entitled to claim his invention generically, 
when he describes it sufficiently to meet the requirements of Section 112. "A specification 
may, within the meaning 112, first paragraph, contain a written description of a broadlyof 35 
U.S.C. claimed invention without describing all species that claim encompasses." Utter v. 
Hiraga 6 USPQ2d 1709, 1714 (Fed. Cir. 1988). "Representative samples are not required 
by the statute and are not an end in themselves." In re Robbins, 166 USPQ 552, 555 (CCPA 
1970). Amgen, Inc. v. Chugai Pharmaceutical Co., Ltd., 18 USPQ2d 1016, 1027 (Fed. Cir. 
1991). 

As further explained by the court in In re Metcalfe, 161 USPQ 789 (CCPA 1969), "under 
appropriate circumstances an applicant may describe a material used in a claimed invention by 
referencing materials sold under a particular trade name or trademark." In this case, Applicants 
have exemplified one of a class of prostaglandins precursor drugs "currently in use," by naming 
latanoprost. Thus, Applicants have met the written description requirement by identifying the 
prostaglandins precursor drugs as those which would be readily recognized by the intended 
practitioner. 

The Examiner also questions Applicants use of the term "cyclamate" as referenced in claims 
115 and 116 {i.e., the method of claim 108, wherein an anion comprising cyclamate is transferred 
into the ciliary epithelial cells of the aqueous humor to block native chloride channels). The 
Examiner says that the "cyclamate" referenced in claim 116 can only come from IB-MECA as 
shown in Figure 7, and that because claim 116 depends on claim 108, and claim 108 refers only 
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to treatment with an NHE inhibitor, that there is no support for the "cyclamate" because "there is 
no indication that EB-MECA is an NHE inhibitor. 

In response to this conclusion, Applicants point out that, as claimed, IB-MECA is not 
claimed to be an NHE blocker. EB-MECA is a selective agonist (activator) of A3 adenosine 
receptors, which in turn activate chloride channels of nonpigmented (NPE) ciliary epithelial cells. 
Applicants have found that the cyclamate anion blocks the chloride channels that are believed to be 
important in aqueous humor formation. In short, Applicants' claimed invention addresses two 
different strategies: (i) use an antagonist to reduce chloride channel activity, and (ii) apply 
cyclamate to block whatever chloride channels remain open. Moreover, the cyclamate in Figure 7 
was presented as one of several different anions to replace chloride, thereby characterizing the 
selectivity of the chloride channel. Thus, the Examiner is asked that this rejection of claims 1 15 and 
1 16 be reconsidered and removed. 

Response under 35 U.S.C. §112, second paragraph . 

The Examiner has rejected claim 1 12 under 35 U.S.C. §112, second paragraph, as 
indefinite regarding Applicants' use of the term "analog." In making this rejection, the Examiner 
has kindly suggested that Applicants could substitute the word "derivative," which they have 
done by amendment, making this rejection moot. Applicants, therefore, ask that the Examiner 
reconsider and withdraw this rejection under §112, second paragraph. Note that claims 96 and 
107 are similarly amended. 

Response to Rejections under 35 U.S.C. §102(b) . 
Re: Cherksey 

The Examiner has rejected claims 94-96, 102 and 105-107 under 35 U.S.C. § 102(b) as 
anticipated by Cherksey (US Patent No. 4,950,591). In making this rejection, the Examiner 
relies upon Cherksey for the teaching that amiloride is an agent that blocks ion transport and 
interacts with a sodium-hydrogen exchange inhibitor and that amiloride and amiloride 
derivatives are capable of regulating membrane transport, cellular volume and other cellular 
pressure disorders. See columns 1-3. 

However, in response to the Examiner's conclusions, Applicants point out that 
Cherksey' s patent is actually very narrow, dealing with a peptide isolated from normal 
membranes that he isolated and found to conform to amiloride-sensitive channels. Amiloride 
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blocks the sodium channel well. In fact, Merck developed that drug for the purpose of blocking 
the sodium channel. As a result, Cherksey's claims are solely for the use of the isolated peptide 
as a diagnostic and experimental tool, whereas by comparison, Applicants' invention neither 
teaches, nor claims, a method for regulating the sodium channel or its role in aqueous humor 
formation. 

It must be recognized that Cherksey discovered neither sodium channels, nor their 
sensitivity to amiloride. For example, Cherksey refers to the review of Palmer (who received his 
doctorate degree under Dr. Civan), on the subject of amiloride-sensitive sodium channels. In 
fact, amiloride was used as a blocker in the first demonstration that it blocked a sodium channel 
(Lindemann et al. 9 "Sodium-specific membrane channels of frog skin are pores: current 
fluctuations reveal high turnover," Science 21, 195(4275):292-4 (1977)). In the prior art, Dr. 
Civan reported that his ". . . results indicated that epithelial Na+ channels with a high affinity to 
amiloride likely contribute to reabsorption of solute from the aqueous humor" and that the 
"epithelial Na + channel is activated by shrinkage and contributes to unidirectional reabsorption 
as aqueous humor" (see, Abstract by Civan et ah, "Potential contribution of epithelial Na + 
channel to net secretion of aqueous humor," J. Exp. ZooL, 279:498-503 (1997)) (copy attached). 
This was the first evidence that amiloride-sensitive sodium channels were likely present in the 
nonpigmented (NPE) ciliary epithelial cells. See also the concluding sentence of Civan et al. 9 
1997, wherein it is explained that ". . . future approaches to the medical treatment of glaucoma 
could well focus on increasing the rate of unidirectional reabsorption in order to reduce net 
aqueous flow." In other words, the sodium channels (including amiloride-sensitive NPE sodium 
channels) underlie reabsorption of aqueous humor fluid, thus reducing the net rate of aqueous 
humor formation (net inflow). 

Accordingly, the prior art teaches that blocking the sodium channel with amiloride 
increases inflow, resulting in increased intraocular pressure - which is contrary to the clinical 
intent of Applicants' invention. On the basis of that information, a knowledgeable practitioner 
would be led to stimulate the NPE sodium channels; not block them . 

Applicants' claims are directed to inhibiting "sodium-hydrogen antiport activity" by 
administering to ciliary epithelial cells a pharmaceutical composition comprising or consisting 
essentially of a pressure-modulating amount of at least one "sodium-hydrogen exchange (NHE) 
inhibitor." Thus, Cherksey not only fails to anticipate Applicants' invention, it actually leads 
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one away from what is taught by Applicants' patent application regarding regulation of the 
antiports. It also teaches away from what has been demonstrated in the prior art by Avila et al., 
"Inhibitors of NHE-1 Na+/H+ exchange reduce mouse intraocular pressure," Invest. Ophthalmol. 
Vis. ScL 43:1897-1902 (2002)) (demonstrating that the topical application of NHE inhibitors 
lowers IOP). Copy attached. 

Moreover, Cherksey's speculation that amilori de-sensitive channels could be inhibited in 
dealing with many diseases, including glaucoma is unsupported and not enabled by the cited 
patent which teaches only methods relating to sodium channels. No evidence, let alone a 
rationale basis, is provided in the cited patent or anywhere in the prior art for such speculation, 
and others could not be taught by a mere speculation. More importantly, Cherksey neither 
mentions, nor suggests, that inhibiting or blocking NHE exchange would reduce aqueous humor 
inflow or intraocular pressure. Thus, the method taught by Cherksey fails to address each and 
every element of Applicants' claimed invention, and as such, the reference fails to anticipate the 
present invention. 

Accordingly, Applicants respectfully request that the rejection of claims 94-96, 102 and 
105-107 under 35 U.S.C. §102(b) be reconsidered and withdrawn. Note that the cited references 
are provided to discuss the sodium channels raised by the Examiner, not as prior art. Thus, 
although attached, the references are not identified in a Supplemental IDS with the necessary 
fees. However, should the Office require submission of an IDS, and notifies Applicants' 
representative, Applicants will so file. 

Re: "Drug Facts and Comparisons" 

The Examiner has also rejected claims 94 and 102-105 under 35 U.S.C. §102(b) as being 
unpatentable "Drug Facts and Comparisons" (1994). In making this rejection, the Examiner 
relies upon "Drug Facts and Comparisons" for teaching the use of timolol, which the Examiner 
defines as a beta blocker in reliance on the prior art and on Applicants' list at page 6, lines 23-26. 
However, as previously shown on the record, by cited prior art and by Declaration in Applicants' 
prior Response dated November 10, 2005, timolol was not, recognized by those knowledgeable 
in the field to be a sodium-hydrogen exchange (NHE) inhibitor. 

Regardless of the Examiner's arguments that reduction of intraocular pressure is 
demonstrated by the use of timolol in "Drug Facts and Comparisons," the reference offers no 
evidence that timolol achieved any inhibition of sodium-hydrogen antiport activity in the ciliary 
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epithelial cells. It describes on a change in intraocular pressure, not any effect what-so-ever on 
the ciliary epithelial cells. In fact, the effect of any pharmaceutical composition on the antiports 
and the effect of such treatment was unknown until its discovery by the present inventors, so it 
could not have been known or suggested by the art. As a result, nowhere in the prior art is there 
a suggestion that the antiports controlled fluid build up in the aqueous humor, and nowhere is 
there a suggestion that the NHE inhibitors could control the activity of the antiports. Yet, that is 
what is claimed by Applicants - not simply a possible effect on intraocular pressure. 

Applicants have added to the previously claimed step of "administering" of the 
pharmaceutical composition in their claimed method, a second step that expressly requires" 
inhibiting sodium-hydrogen antiport activity" in the ciliary epithelial cells. This further 
emphasizes that, while "Drug Facts and Comparisons" may say that a small reduction of 
intraocular pressure was noted in the subject animal, the cited art does not offer any treatments of 
antiport activity - yet regulating antiport activity is expressly Applicant's invention - not simply 
reducing intraocular pressure. Thus, there is no need to read subject matter from the 
specification into the claims. It is now clearly stated. 

This is not a case of inherency because while "Drug Facts and Comparisons" may report 
a reduction of intraocular pressure in the subject animal in conjunction with treatment, there is no 
way of knowing that that reduction was a result of inhibition or regulation of antiport activity. 
The Examiner asks on page 8 how Applicants can "bypass administering an eyedrop to the eye to 
administer said compositions to the ciliary epithelial cells of the aqueous humor." But then the 
Examiner turns to Continental Can to say that "a prior art reference may anticipate without 
disclosing a feature of the claimed invention, if that missing characteristic is necessarily present 
or inherent, in the single anticipating reference." How are these two concepts connected? 
Where is it described exactly how the change in intraocular pressure was tested by the authors of 
"Drug Facts and Comparisons" after what appears to be topical application? 

In citing Continental Can, the Office must look at the entire holding of the decision, 
which further explains that 

To serve as an anticipation when the reference is silent about the asserted inherent 
characteristic, such gap in the reference may be filled with recourse to extrinsic evidence. 
Such evidence must make clear that the missing descriptive matter is necessarily present 
in the thing described in the reference, and that it would be so recognized by persons of 
ordinary skill. Continental Can Co. USA Inc. v. Monsanto, 20 USPQ2d 1746, 1749 (Fed. 
Cir. 1991). 
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It cannot be assumed, without some evidence supporting the conclusion that the treatment 
by the authors of "Drug Facts and Comparisons" "could" have regulated or altered the antiport 
activity, or that such action on the antiports was inherent based upon the limited disclosure in the 
cited reference. If one were to use that definition, all things are inherent, because if you add 
enough links to what the inventors now disclose, there is nothing new under the sun. That of 
course, is not the basis for patent law; rather "new" discoveries are patentable. 

It would appear that only Applicants' own invention has led to the conclusion that the 
treatment described in "Drug Facts and Comparisons" anticipates (inherently or otherwise) 
Applicants' claimed invention that regulates antiport activity. This is not a permissible basis for 
rejection. Applicants' claims are anticipated "only if each and every element as set forth in the 
claim is found, either expressly or inherently described, in a single prior art reference." 
Verdegaal Brothers, Inc. v. Union Oil Co. of Calif., 2 USPQ2d 1051, 1053 (Fed. Cir. 1987). 
"Inherency may not be established by probabilities or possibilities. The mere fact that a certain 
thing may result from a given set of circumstances is not sufficient." Ex parte Skinner, 2 
USPQ2d 1788, 1789 (BPAI 1987). 

Accordingly, Applicants' respectfully ask that in the accompanying RCE, that the 
invention be reconsidered be withdrawn. 

Response to Rejections under 35 U.S.C. §103(a) . 

Re: Adorante and Cherksey . 

The Examiner has rejected claims 94-96, and 99-1 13 under 35 U.S.C. § 103(a) as 
unpatentable over Adorante (US Patent No. 5,559,151) and Cherksey (US Patent No. 4,950,591). 
In making this rejection, the Examiner relies on Adorante for the use of 4,4'-diisothiocyanato- 
stilbene-2,2'-disulfonate (DIDS) to treat glaucoma and/or ocular hypertension, although the 
Examiner agrees that Adorante fails to suggest co-administration of NHE/NHE1 inhibitors. 
However, the Examiner further combines Cherksey with Adorante for the teaching that amiloride 
blocks ion transport and interacts with a sodium-hydrogen exchange inhibitor and that amiloride 
and amiloride derivatives are capable of regulating membrane transport, cellular volume and 
other cellular pressure disorders. The Examiner's conclusion is based on the premise that it 
would have been obvious to "employ two agents well known to treat glaucoma/ocular 
hypertension together to treat the very same condition. 
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In response, Adorante actually proposes the use of DEDS as a chloride-channel blocker of 
NPE cells, without any reference what- so-ever to bicarbonate-chloride exchange. This offers no 
relevance to blocking of sodium-proton exchange, and even the Examiner asserts that Adorante 
fails to suggest administration of NHE/NHE1 inhibitors. Therefore, alone, Adorante has no 
effect on the patentability of Applicants' invention. 

However, in this rejection, Adorante is not cited alone. It is combined with Cherksey. 
But, for the above stated reasons, Cherksey teaches a method for treating intraocular pressure by 
administering to affect the sodium channels of the eye, but that is not Applicants' invention, nor 
do Applicants' address the role of the sodium channel in aqueous humor formation. In fact, as 
explained above, if applied to Applicants' claimed invention, Cherksey would actually teach 
away from the invention. In addition, if the Office is tempted to find that the use of amiloride 
inherently teaches Applicants' invention, they are directed to Jones v. Hardy 220 USPQ 1020, 
1025 (Fed. Cir. 1984) (The fact that a claimed invention is based on an inherent quality of a product 
well known in the art does not mean the invention is obvious as this confuses anticipation by 
inherency with obviousness). 

Consequently, linking DIDS that blocks chloride channels (Adorante) with amiloride that 
blocks the ENaC sodium channel (Cherksey) would in no way lead one of skill in the art to try 
blocking sodium-proton exchange in order to reduce inflow at the antiports at the time of 
Applicants' invention. Even if combined, the combination fails to teach each and every element 
of Applicants' claimed invention. Since Cherksey fails to teach administering NHE/NHE1 
inhibitors to the antiports, it cannot supplement the gap left by Adorante, and Adorante cannot 
render Applicants' invention obvious. Accordingly, Applicants respectfully request that the 
rejection of claims 94-96, and 99-1 13 under 35 U.S.C. §103 (a) be reconsidered and withdrawn. 

Re: Brandt and Cherksey . 

The Examiner has rejected claims 94-98, and 102-1 13 under 35 U.S.C. §103(a) as 
unpatentable over Brandt (US Patent No. 5,559,151) and Cherksey (US Patent No. 4,950,591). 
In making this rejection, the Examiner relies on Brandt for the use of an inhibitor of a Na + -K + - 
2Cf (symport), such as butetanide, to treat glaucoma and/or ocular hypertension, although the 
Examiner agrees that Brandt fails to suggest co-administration of NHE/NHE1 inhibitors. 
However, the Examiner further combines Cherksey with Brandt for the teaching that amiloride 
blocks ion transport and interacts with a sodium-hydrogen exchange inhibitor and that amiloride 
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and amiloride derivatives are capable of regulating membrane transport, cellular volume and 
other cellular pressure disorders. The Examiner's conclusion is based on the premise that it 
would have been obvious to "employ two agents well known to treat glaucoma/ocular 
hypertension together to treat the very same condition. 

In response, even if Brandt proposed the use of an inhibitor of a Na + -K + -2C1" (symport), 
such as bumetanide, it is irrelevant to Applicants' invention. This is because Dr. Civan and 
others have demonstrated that bumetanide is, by itself, ineffective in lowering IOP. See, 
attached, Tian et al "Effects of Adenosine Agonists on Intraocular Pressure and Aqueous Humor 
Dynamics in Cynomolgus Monkeys," Exp. Eye Res. 64:979-989 (1997) (demonstrating that 
bumetanide had no effect on IOP of live monkeys). Subsequently, Dr. Civan and associates 
demonstrated that bumetanide also has no effect on IOP of the live mouse, and it lowers IOP 
only if the sodium-proton exchange is also blocked (see, attached 2002 Avila et al, reference in 
Invest. Ophthalmol Vis. Sci. 43:1897-1902). Consequently, in light of the prior art at the time, 
Brandt's patent teaches that blocking the sodium-potassium-chloride co-transporter was the 
controlling factor in the process, not inhibition of sodium-proton exchange. Thus, Brandt has no 
relevance to blocking of sodium-proton exchange, and even the Examiner asserts that Brandt 
fails to suggest administration of NHE/NHE1 inhibitors. Therefore, alone, Brandt has no effect 
on the patentability of Applicants' invention. 

However, in this rejection, Brandt is not cited alone. It is combined with Cherksey. But, 
for the above stated reasons, Cherksey teaches a method for treating intraocular pressure by 
administering to affect the amiloride-sensitive sodium channel, but that is not Applicants' 
invention, nor do Applicants' address the role of the sodium channel in aqueous humor 
formation. In fact, as explained above, if applied to Applicants' claimed invention, Cherksey 
would actually teach away from the invention. 

Consequently, linking treatment of bumetanide as an inhibitor of a Na + -K + -2C1" 
(symport) (Brandt) with amiloride that blocks the ENaC sodium channel (Cherksey) would in no 
way lead one of skill in the art to try blocking sodium-proton exchange in order to reduce inflow 
at the antiports at the time of Applicants' invention. Even if combined, the combination fails to 
teach each and every element of Applicants' claimed invention. In addition, if the Office is 
tempted to find that the use of amiloride inherently teaches Applicants' invention, they are 
directed to Jones v. Hardy 220 USPQ 1020, 1025 (Fed. Cir. 1984) (The fact that a claimed 
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invention is based on an inherent quality of a product well known in the art does not mean the 
invention is obvious as this confuses anticipation by inherency with obviousness). 

Since Cherksey fails to teach administering NHE/NHE1 inhibitors to the antiports, it 
cannot supplement the gap left by Brandt, and Brandt cannot render Applicants' invention 
obvious. Accordingly, Applicants respectfully request that the rejection of claims 94-98, and 
102-113 under 35 U.S.C. § 103(a) be reconsidered and withdrawn. 

Note that the Examiner cites Shell (US Patent No. 4,281,654) on form 892, but no 
citation to the reference can be found in the Office Action, so it is presumed to be cited for 
record purposes only. 

Barring other rejections, therefore, Applicants submit that their pending claims are 
patentable, and ask that the present rejections be entirely overturned and withdrawn. Please 
contact Applicants' undersigned representative at (215) 772-7550 if further discussion of this 
case is needed. This response is filed without extension fess, but with the fee for an RCE. If 
there are any additional fees due in connection with the filing of this response, please charge the 
fees to our Deposit Account No. 50-2424. 



Respectfully submitted, 
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Potential Contribution of Epithelial Na + Channel to 
Net Secretion of Aqueous Humor 
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ABSTRACT The aqueous humor of the eye is secreted by the bilayered ciliary epithelium, 
consisting of the pigmented (PE) cell layer facing the stroma and the nonpigmented (NPE) cell 
layer facing the aqueous humor. Cells within each layer and between the two layers are linked by 
gap junctions, forming a ciliary epithelial syncytium. Unidirectional secretion from the stroma to 
the aqueous proceeds both through the cells (the transcellular pathway) and between the cells 
(the paracellular pathway). Net formation of aqueous humor must, however, be the algebraic sum 
of unidirectional secretion and unidirectional reabsorption from the aqueous humor back into the 
stoma. The mechanisms potentially underlying reabsorption of aqueous humor by the NPE cells 
have recently been addressed by studying the regulatory response (RVI) of anisosmotically shrunken 
NPE cells. The results indicated that epithelial Na + channels with a high affinity to amiloride 
likely contribute to reabsorption of solute from the aqueous humor. We have substantiated this 
possibility by using Northern analysis to identify in human ciliary body RNA a 3.7-kb transcript 
corresponding to the cc-subunit of the amiloride-sensitive, a(3y-ENaC epithelial sodium channel. 
We have also found that the Na + -channel inhibitor benzamil inhibits the RVI without affecting the 
cell volume of isotonic cell suspensions. This observation supports the hypothesis that the low 
conductance, highly selective epithelial Na + channel is activated by shrinkage and contributes to 
unidirectional reabsorption as aqueous humor. Examples are provided of how the integrative regu- 
lation of aqueous humor formation can involve conjugate actions on both unidirectional secretion 
and reabsorption. J. Exp. ZooL 279:498-503, 1997. © 1997 Wiley-Liss, Inc. 



STRUCTURE OF THE CILIARY 
EPITHELIUM 

The aqueous humor of the eye is secreted by 
the ciliary epithelium, a bilayered structure cov- 
ering the surface of the ciliary body. The outer 
cell layer is formed by the pigmented ciliary epi- 
thelial (PE) cells, whose basolateral membranes 
face the ciliary body stroma. The inner cell layer 
consists of the nonpigmented ciliary epithelial 
(NPE) cells, whose basolateral surfaces face 
the aqueous humor. Only the NPE cells form 
tight junctions in vivo (Raviola and Raviola, 
'78). Low-resistance gap junctions connect cells 
within each layer and between the two layers, 
creating a functional syncytium (Raviola and 
Raviola, 78; Green et al., '85; Coca-Prados et 
al., '92; Edelman et al., '94; Oh et al., '94; Bowler 
et al.,'96). 



OVERVIEW OF CILIARY EPITHELIAL 
SECRETION 

As in the case of transepithelial transport gen- 
erally, fluid is translocated by the primary trans- 
fer of solute from the stroma to the aqueous humor, 
with water passively following. The slightly nega- 
tive transepithelial potential (of -1 mV) provides a 
driving force for Na + and other cations to move 
through the paracellular pathway (between the 
cells). However, the dominant contribution to uni- 
directional secretion of solute is likely to proceed 
by the transcellular pathway (through the cellular 
syncytium; Krupin and Civan, '95). Transcellular 
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transfer from the stroma to the contralateral sur- 
face must involve at least three steps, each of 
which could theoretically be the rate-limiting pro- 
cess for aqueous humor formation. First, solute 
is taken up from the stroma by the PE cells; this 
step has been thought to be largely performed by 
a Na + -K + -2Cr symport (Krupin and Civan, '95), 
but possibly also by C17HC0 3 ~ antiport exchange 
(Wiederholt et aL, '91). Second, solute and water 
diffuse from the PE to the NPE cells through the 
gap junctions. Third, Na + , K + , and CI" are released 
by the NPE cells into the aqueous humor through 
the Na7K + exchange pump, K + channels, and CI" 
channels, respectively. 

Recent results obtained by electron probe X-ray 
microanalysis of intact rabbit ciliary epithelium 
(Bowler et al., '96) bear on the issue of the rate- 
limiting site of aqueous humor formation. As sum- 
marized in Table 1, the elemental CI concentration 
(in mmol/kg intracellular water) is some four-to- 
five times higher in the PE cells than the equi- 
librium distribution predicted at a membrane 
potential of —70 mV (Carr<§ et al., '92). This da- 
tum indicates that the PE cells can accumulate 
solute against an electrochemical gradient under 
baseline conditions. The data also document that 
the intracellular elemental concentrations of Na, 
K, and CI are approximately equal in the PE and 
NPE cells. This observation indicates that the gap 
junctions are also unlikely to limit the flow of sol- 
ute from stroma to aqueous humor; otherwise, we 
would expect to find gradients in concentration 
between the PE and NPE cells. By exclusion, 
we conclude that the third step, the final net 
release of solute from the NPE cells into the 
aqueous humor is likely to limit the rate of cili- 
ary epithelial secretion. 

The net translocation of solute from the NPE 
cells into the aqueous must equal the difference 
between unidirectional secretion out of the cells 
and unidirectional reabsorption back into the cells. 
These two unidirectional fluxes appear to reflect 
the operation of very different transport mecha- 



TABLE 1. Intracellular composition of intact rabbit 
ciliary epithelium 1 



Component 


Concentration (mmol/kg intracellular water) 


PE cells 


NPE cells 


All cells 


Na 


13 ± 2 


16 ± 2 


15 ± 3 


K 


164 ± 12 


162 ± 8 


162 ± 14 


CI 


44 ± 3 


48 ± 3 


46 ± 5 



^he entries are the means ± SE taken under baseline conditions 
from the electron probe X-ray microanalyses of Bowler et al. ('96). 



nisms. In contrast to the Na7K + exchange pump, 
K + channels and CI" channels subserving unidi- 
rectional secretion, four different mechanisms 
(considered below) seem to underlie unidirectional 
reabsorption. Recent volumetric measurements of 
human NPE cells have suggested that one of the 
mechanisms underlying unidirectional reabsorp- 
tion is an amiloride-sensitive epithelial Na + chan- 
nel (Civan et al.,'96). These measurements were 
conducted with the simplest possible experimen- 
tal model of aqueous humor reabsorption, the 
regulatory volume increase (RVI) of NPE cells 
(Civan et al.,'96). The human (ODM) NPE cells 
are first suspended in 50% hypotonic solution, pro- 
ducing swelling and a secondary release of KC1 
and water. Isotonicity is then restored by addi- 
tion of sucrose 25 min after the initial suspen- 
sion. The cells shrink to -80% of their isotonic 
volumes, but then exhibit a secondary regulatory 
response (the RVI) in which solute and water are 
slowly taken up at 0.144 ± 0.007%/min (Civan et 
al.,'96). The RVI was significantly inhibited by 
amiloride at 20 |iM, dimethylamiloride at 10 uM, 
and benzamil at 1 |iM; the effects of amiloride and 
dimethylamiloride were not significant at 1 |iM 
(Civan et al.,'96). Benzamil is more effective than 
amiloride in blocking high amiloride-affinity epi- 
thelial Na + channels, whereas dimethylamiloride 
is more effective than amiloride in blocking NaV 
H + antiport exchange (Kleyman and Cragoe, '88). 
These results were consistent with the pharma- 
cologic profile characterizing low amiloride-affin- 
ity Na + channels (Oh and Benos/92). However, an 
alternative interpretation was possible. The hu- 
man NPE cells also display Na7H + antiport ac- 
tivity (Civan et al., '96). Thus, the observed 
inhibitions of the RVI could have reflected the ac- 
tions of amiloride and its analogues on two dif- 
ferent transport targets: benzamil could have been 
blocking high amiloride-affinity Na + channels [to 
which the aPy-ENaC heterotrimeric channel (Ca- 
nessa et al., '94) belongs] and dimethylamiloride 
could have been acting solely on the Na7H + 
antiport. Thus, the data indicated the opera- 
tion of a Na + channel, but did not resolve 
whether the channel conformed to a high- or 
low-affinity class Na + channels, so that its mo- 
lecular identity was unknown. 

IDENTIFICATION AND REGULATION OF 
AN EPITHELIAL NA + CHANNEL 

In the present manuscript, we report finding the 
expression of an amiloride-sensitive Na + channel 
in the human ciliary body. Total RNA (20 |ig) was 
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extracted (Chomczynski and Sacchi, '87) from the 
ciliary body of a human eye and separated in a 
1%-agarose gel, blotted and hybridized in high- 
stringency conditions (Coca-Prados et al., '96) with 
a probe for the expression of transcripts of the 
aPy-ENaC heterotrimeric, amiloride-sensitive 
channel (Canessa et aL, '94). The probe chosen 
was a 1.9-kb DNA probe corresponding to an 
EcoRI/BamHI fragment of the a-subunit of the rat 
amiloride-sensitive epithelial sodium channel (a gift 
of Dr. Cecilia M. Canessa, Yale University). 

Figure 1 presents a resulting Northern blot 
analysis. At the left are the migration positions 
of standard RNA molecular markers. The arrow 
at the right indicates the position of the major 
3.7-kb transcript specific for the a-subunit mRNA. 
It is likely that this probe of the aPy-ENaC epi- 
thelial Na + channel has detected mRNA from the 
epithelial cells. However, it should be noted that 

kb 




Fig. 1. Expression of an amiloride-sensitive Na + channel 
in the human ciliary body. At left are the migration positions 
of standard RNA molecular markers. The arrow at the right 
indicates the position of the major 3.7-kb transcript specific 
for the a-subunit mRNA. 



other cells of the human ciliary body (such as 
smooth muscle) may also have contributed to the 
transcript detected. 

The results of Figure 1 support the concept that 
the apy-ENaC epithelial Na + channel supports re- 
absorption of Na + from the aqueous humor back 
into the NPE cells. However, it was unclear 
whether this Na + -channel activity was expressed 
under baseline conditions or only after stimula- 
tion (in this case, by shrinkage). Recently, we have 
measured the effects of 1 |iM benzamil on paral- 
lel aliquots of isotonic suspensions of human NPE 
cells before and after exposure to 50%-hypotonic 
solutions, following the approach of Civan et al. 
C96). Benzamil had no detectable effect on the 
baseline isotonic volume at the same concentra- 
tion which inhibited the RVI (Fig. 2). We conclude 
that shrinkage activates epithelial Na + channels 
of human NPE cells, as has been noted for other 
epithelial cells (Okada and Hazama, '88; Wehner 
et al.,'95). 

COMPONENTS UNDERLYING VECTORIAL 
TRANSPORT AT THE NPE-AQUEOUS 
HUMOR INTERFACE 

The foregoing results indicate shrinkage-acti- 
vated apy-ENaC epithelial Na + channels partici- 
pate in reabsorption of aqueous humor back into 
the NPE cells. Volumetric measurements of im- 
mortalized human (ODM) NPE cells indicate that 
three other mechanisms can also underlie unidi- 
rectional reabsorption: a Na7H + antiport in par- 
allel with a C17HC0 3 " antiport, a diazide-sensitive 
Na + -Cl~ symport, and the bumetanide-sensitive 
Na + -K+-2C1" symport (Civan et al., '96). 

As noted above, unidirectional secretion at the 
basolateral surface of the NPE cells is likely to 
proceed through the Na7K + exchange pump and 
through parallel K + and CI" channels. Different 
isozymes of the pump appear to be operative in 
the pars plana and pars pliccata areas of the cili- 
ary epithelium (Ghosh et al., '90). The precise mo- 
lecular identities of the K + channels have not yet 
been identified, but inward rectifiers, delayed rec- 
tifiers and calcium-activated outward rectifiers 
have been observed with NPE cells (Jacob and 
Civan, '96). The identity of the CI" channels has 
not yet been unequivocally established. On the 
basis of their results, Coca-Prados et al. C96) have 
suggested that the volume-sensitive protein pl cin 
may be regulating a conduit formed by the pro- 
tein kinase C (PKC)-inhibitable CIC-3 CI" chan- 
nel in human NPE cells. Results obtained with 
an antibody of P-glycoprotein suggest that this 
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Fig. 2. Effects of benzamil on the regulatory volume in- 
crease (RVI) and cell volume in isosmotic suspensions. The 
cell volumes were measured by electronic cell sorting (Civan 
et al., '96) in the absence (open symbols) or presence (closed 
symbols) of 1 uM benzamil. The cell volumes have been nor- 
malized to the initial value in isotonic medium. The square 
symbols present data points (±1 SE) for human NPE (ODM) 
cells suspended in hypotonic Ringer's solution containing (in 
mM): 55.0 NaCl, 7.5 HEPES [4-(2-hydroxyethyl)-l-piper- 
azineethanesulfonic acid], 1.2 CaCl 2 , 0.6 MgCl 2 , 2.4 KC1, 0.6 
KH 2 P0 4 , 15 NaHC0 3 , and 10.0 glucose. In the absence of 
added sucrose, the external osmolality was hypotonic (150- 
160 mOsm), producing swelling and triggering a secondary 
regulatory reduction in volume over the 4-24 min following 
suspension. Sufficient sucrose was added 25 min after sus- 



pension to bring the osmolality to isotonicity (300-315 mOsm), 
thereby shrinking the cells until the appearance of a regula- 
tory volume increase (RVI) over the period t = 34-60 min. 
Measured by linear least-square regression, the rate of swell- 
ing during the RVI displayed by the control aliquots was 0.162 
± 0.024%/min (n = 8). Benzamil reduced the rate of the RVI 
in paired aliquots to 0.012 ± 0.036%/min (P < 0.025 by 
Student's paired i-test). In contrast, the same concentration 
of benzamil had no detectable effect on the cell volume of 
aliquots suspended in isotonic solution (n = 4). The four iso- 
tonic experiments were conducted in parallel with four of 
the eight RVI experiments and have not been previously re- 
ported. The additional four sets of measurements included 
with the RVI experiments were obtained from the results of 
Civan et al. C96). 



protein product of MDR1 may also regulate CI" 
currents in bovine NPE cells (Wu et al., '96). 

CONJUGATE REGULATION OF 
UNIDIRECTIONAL SECRETION AND 
REABSORPTION 

With rare exception (Sears, '84), studies of net 
ciliary epithelial secretion have largely focused on 
the unidirectional transfer of solutes and water from 
the stroma to the aqueous humor. However, in prin- 
ciple, we might expect that secretagogues could well 
have complementary effects on unidirectional se- 
cretion and reabsorption. Otherwise, stimulation or 
inhibition of both antiparallel flows might have no 
effect on net secretion. As noted above, shrinkage 
stimulates Na + -channel activity of human NPE 



cells. Since ciliary epithelial cells are unlikely to 
undergo great changes in volume in vivo, we have 
also examined the potential regulatory roles of other 
modifiers of net secretion. Inhibition of PKC with 
staurosporine activates CI" channels of human NPE 
cells (Civan et al, '94; Coca-Prados et al., '95, '96); 
and activation of PKC has the opposite effect (Civan 
et al., '94). In order to examine the effects of 
staurosporine on the reverse flow, we have again 
turned to the simplest possible experimental model 
of aqueous humor reabsorption, the regulatory vol- 
ume increase (RVI) of NPE cells. In contrast to its 
stimulation of CI" secretion, staurosporine inhibits 
RVI (Civan et al., '96). These conjugate effects of 
inhibiting PKC activity are illustrated in the car- 
toon of Figure 3. 
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Fig. 3. Postulated regulation of net aqueous humor forma- 
tion by conjugate modulation of unidirectional secretion and 
unidirectional reabsorption by the NPE ciliary epithelial cells. 

The actions of the arachidonic acid metabolite 
PGE 2 provide a second, slightly more complex ex- 
ample of the conjugate modification of unidirec- 
tional secretion and reabsorption (Fig. 3). PGE 2 
also stimulates CI" secretion, but its action is in- 
direct, at least in human ODM NPE cells. The 
prostanoid increases K + -channel activity (Civan et 
aL, '94), hyperpolarizing the membrane, and 
thereby providing an increased electrical driving 
force for CI" release into the aqueous humor. Like 
staurosporine, PGE 2 inhibits the RVI of the NPE 
cells (Civan et al., '96). 

To the extent that the RVI can be taken as an 
index of reabsorption of aqueous humor by the 
NPE cells, these results indicate that second mes- 
senger cascades can exert complementary actions 
on unidirectional secretion and reabsorption. Re- 
ductions in unidirectional reabsorption as well as 
increases in unidirectional secretion can enhance 
the net rate of aqueous humor formation. The con- 
verse is also possible, so that future approaches 
to the medical treatment of glaucoma could well 
focus on increasing the rate of unidirectional re- 
absorption in order to reduce net aqueous flow. 
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Inhibitors of NHE-1 Na + /H + Exchange Reduce Mouse 
Intraocular Pressure 

Marcel Y Avila, 1 Randolph W. Seidler, 2 Richard A. Stone? .and Mortimer M. Civan 1 ' 4 



Purpose. To test whether blocking the Na H "/H + antiport re- 
duces intraocular pressure (IOP) in the mouse. 

Methods. The electrophysiologic approach (the servo-null mi- 
cropipette system, SNMS) that had been adapted for continu- 
ously monitoring IOP in the mouse was used in a study of the 
effects of a series of transport inhibitors. 

Results. Topical application of three direct blockers of 
Na + /H + exchangers produced comparable reductions in 
mouse IOP: dimethylamiloride (DMA, -5.0 ± 07 mm Hg), 
ethylisopropylamiloride (EIPA, -4 A ± 1.0), and BIIB723 
(-4.9 ±1.7 mm Hg). These effects were mediated locally, not 
systemically, because adding DMA to one eye had no effect on 
IOP in the contralateral eye. In contrast to the actions of 
selective inhibitors of Na VH^ exchange, neither the low- 
potency inhibitor amiloride nor the inhibitor of Na*-K + -2C1~ 
cotransport bumetanide by itself was effective. Dorzolamide, 
which slows delivery of H + and HC0 3 ~ to Na* H /H + and CI"*/ 
HC0 3 ~ antiports, also reduced IOP by 2.9 ± 0.6 mm Hg. After 
first blocking Na '/H + exchange with DMA, EIPA, BI.IB723, or 
dorzolamide, application of bumetanide produced an addi- 
tional reduction in IOP of 3 8 to 4.0 mm Hg. 

Conclusions. The first step in formation of aqueous humor is 
uptake of NaCl by the ciliary epithelial cells from the stroma, 
possibly by both paired Na + /H + and Cr/HC0 3 ~ antiports and 
a bumetanide-sensitive Na + -K + -2C1" symport. The present 
data are consistent with electron probe x-ray microanalyses of 
rabbit ciliary epithelium indicating that the antiports are the 
dominant mechanism. That bumetanide can produce a previ- 
ously unobserved lowering of IOP when the Na"' /H * antiport 
is also inhibited substantiates a dominant antiport mechanism. 
{Invest Ophthalmol Vis ScL 2002;43:1897-1902) 

Intraocular pressure (IOP) reflects a balance between inflow 
across the ciliary epithelium and outflow, which largely exits 
through the trabecular mesh work and Schlemm canal of the 
primate eye. Inflow is generally considered to proceed in three 
steps across the bilayered ciliary epithelium'" 9 (Fig. I): uptake 
of solute and water by the pigmented ciliary epithelial (VE) 
cells at the stromal surface, passage through gap junctions to 
the nonpigmented ciliary epithelial cell (NPE) layer, and trans- 
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fer from the NPE cells into the aqueous humor of the anterior 
chamber. At the stromal surface, paired Na + /H + and CI~/ 
HCO3- antiports 4 ' 6,10, 11 and/or a bumetanide-sensitive Na + - 
K + -2C1~ symport 21,8,12 " 14 can underlie PE-cell uptake of NaCl, 
the principal solute of the aqueous humor. Which set of mech- 
anisms dominates the first step in secretion has been unclear. 

The mouse has been proposed as a potentially useful animal 
for studying aqueous humor dynamics, because its outflow 
tract is structurally closer to that of the human 1 ? than is that of 
other commonly used nonprtmate species, such as the cow or 
rabbit. We recently adapted an electrophysiologic technique, 
the servo-null micropipette system (SNMS), for monitoring IOP 
in the small mouse eye. 16 With the SNMS, we found that IOP 
responses in the mouse eye parallel those in the human eye, 
not only to drugs that alter aqueous humor outflow, but also to 
those that alter aqueous humor inflow. 16 Furthermore, we 
have found that SNMS measurements of mouse IOP are suffi- 
ciently reliable to permit identification of novel receptor mech- 
anisms that regulate IOP. 17 In the current study, we examined 
IOP responses in the mouse eye to inhibitors of both sets of 
transport processes implicated in the initial step of formation 
of aqueous humor. 

Materials and Methods 
Animals 

Black Swiss outbred mice of mixed sex, 7 to 9 weeks old and approx- 
imately 30 g in weight, were obtained from Taconic, Inc. (German- 
town, NY). Animals were housed in accordance with National Insti- 
tutes of Health recommendations, maintained under a 12-hour light- 
dark illumination cycle, and allowed unrestricted access to food and 
water. IOP measurements were performed at the same time of day 
(2-6 PM) to minimize diurnal effects on IOP. All procedures con- 
formed to the AUVO Statement for the Use of Animals in Ophthalmic 
and Vision Research. 

Anesthesia 

Before all IOP measurements, mice received general anesthesia in the 
form of intraperitoneal ketamine (250 mg/kg), supplemented by topi- 
cal proparacaine HC1 (0.5%; Allergan, Hormigueros, Puerto Rico). 1 * 

Servo-Null Micropipette System 

The SNMS is an electrophysiologic, nonmanometric method of mea- 
suring pressure that we have previously adapted and validated for 
measuring IOP in the mouse. 16 The exploring, 5-/xm micropipette is 
filled with 3 M KC1 solution to ensure that the resistance of the fluid 
within the tip is much lower than that of the extracellular fluid. The 
resistance to electrical flow through the micropipette is continuously 
monitored and is dominated by the electrical resistance at the tip. After 
entry of the tip into the anterior chamber, the step change in hydro- 
static pressure forces aqueous humor into the micropipette, displacing 
the low-resistance 3-M KCI filling solution from the tip back toward the 
shank. The resultant increase in electrical resistance generates a signal 
to a vacuum-pressure pump that produces an equal counterpressure 
that maintains the position of the aqueous humor-KCI interface at the 
tip of the micropipette and thus sustains the original electrical resis- 
tance. This counterpressure equals the hydrostatic pressure outside 
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Figure 1. Consensus model of aqueous humor formation (modified 
from Counilton et a 1. 22 and McLaughlin et al. 26 )- Carbonic anhydrase- 
limited delivery of H + ' and HCO s ~ limits uptake of stromal NaCl 
through paired antiports. In parallel, NaCl can also enter (or exit 26 ) PF. 
cells through the Na + -K + -2Cr symport. At the contralateral surface, 
Na' + * and Cl~ can be released from the NPH cells into the aqueous 
humor through Na^K "'"-activated ATPase and Cl~ channels, respec- 
tively. An electroneutml transporter may also support release into the 
aqueous humor. 

the micropipette tip, in this instance the IOP. The output signal of the 
servo-null device (Servo-Null Micropressure System model 900A; 
World Precision Instruments [WPI], Sarasota, PL) was converted to 
digital form (Duo 18-Data Recording System; WPI), continuously dis- 
played on a monitor, and saved in a computer file at three to five 
readings per second. Before every measurement, the system was cali- 
brated externally against a mercury manometer in the range from 0 to 
50 mm Hg at 5- to 10-mm Hg intervals. 

Micropipette Design 

iMicropipettes were fabricated from borosilicate glass (1.5 mm outer 
diameter, 0.84 mm inner diameter, WPI) with a puller (Sutter Instru- 
ments, San Rafael, CA). The tips were beveled to an outer diameter of 
5 /Am and a 45° angle with a micropipette beveler (Sutter). When tilled 
with 3 M KC1 solution, these micropipettes displayed resistances of 
0.25-0.60 Mft. 

Procedure for Measuring IOP 

After reaching a stable plane of anesthesia confirmed by absent re- 
sponse to foot pinch, the mice were secured in a surgical stereotaxic 
device (David Kopf Instalments, Tujunga, CA), with the head posi- 
tioned to avoid any pressure on the animal that could affect IOP. A 
heating pad at 37 °C (Delta Phase Isothermal Pad, Braintree Scientific, 
Braintrec, MA) maintained body temperature. Topical proparacaine 
supplemented general anesthesia, and corneal dehydration was pre- 
vented by topical normal saline (309 mOsm), as necessary. The ground 
electrode was placed on the conjunctiva of the same or the contralat- 
eral eye, carefully avoiding any pressure on the eye. 

The micropipette tip was next placed in the drop of proparacaine 
on the cornea overlying the pupil, and the output reading from the 
SNMS was adjusted to zero. The micropipette was then advanced 
across the cornea (at 20-30° to the optical axis) into the anterior 
chamber by a cell-penetration positioning system (model LSS 21200; 
Burleigh Instruments, Inc., Fishers, NY) and a piezoelectric step driver 
(model P7T00; Burleigh). IOP was monitored after positioning the 
micropipette tip in the aqueous humor. 

The baseline IOP in the present study was 14.2 ± 0.4 mm Hg (n - 
1 13). In measuring drug-induced changes in IOP, each animal served as 



its own series control. All pressures after drug application were com- 
pared with those just before the drug was added. 

Statistics 

To determine an individual IOP reading, the mean ± SEM was calcu- 
lated during a 3- to 5-minute recording period. Numbers of experi- 
ments or eyes are indicated by the symbol n. The statistical significance 
of changes in IOP was tested with Student's paired Mest. 

Drugs 

Drugs were applied topically in 10-/xl. droplets with a pipette (Eppen- 
dorf; iirinkman Instruments, Westbury, NY) at the stated concentra- 
tions; total doses are also provided in parentheses. Agents were initially 
dissolved in dimethyl sulfoxide (DMSO). Unless otherwise stated, the 
final droplet solution was an isosmotic saline solution (310 mOsm) 
containing 1% to 8% DMSO and 0.003% benzalkonium chloride (Sigma 
Chemical Co.. St. Louis, MO), commonly used to enhance ocular drug 
penetration. We have found that the DMSO-benzalkonium solution 
itself has no effect on mouse IOP at DMSO concentrations as high as 
10% (fable 1). DMSO concentrations as high as 1 5% 18 to 20% 19 have 
been reported not to alter IOP in rabbits. 

We have already reported evidence that changes in mouse IOP 
produced by our method of topical administration are mediated by 
local ocular, and not systemic, actions, because unilateral topical ap- 
plication does not alter either pupillary size (1% pilocarpine,^' 1% 
tropicamide 17 ) or IOP (100 fiM adenosine 17 ) in the contralateral eyes. 
Consistent with our earlier observations, we now report that topical 
application of 1 mM dimethylamiloride (DMA) did not affect the IOP of 
the contralateral eye (AIOP = 0.08 ± 0.40 mm Hg, n = 6,P> 0.8), but 
reduced IOP of the treated eye by 3 8 ± 0.5 mm Hg 0? = 23, P < 
0.001, Table 1). 

Among the drugs administered were the selective Na"*7H + antiport 
inhibitors DMA and EIPA (Sigma Chemical Co.). A third such inhibitor 
used was BIIB723 (Boehringer/Ingelheim, Biberach an der Riss, Ger- 
many), which is a member of the BIIB family of Na + /H + antiport 
blockers. 20 Similar to nearly all other NHE-1 inhibitors, BIIB723 is an 
acylguanidine, displaying a selectivity for NHE-1 over NHE-2 of approx- 
imately 40-fold and an IC 5() of approximately 30 nM in cardiomyocytes 
and approximately 100 nM in hamster fibroblasts (Seidler K, unpub- 
lished data, 1998-1999). The parent compound (amiloride; Merck, 
Rahway, NJ) of the amiloride analogues DMA and EIPA is a low-potency 
inhibitor of both Na + /H + and Na + /Ca 2+ antiports and a higher-po- 
tency blocker of ENaC Na* 4 " channels. 21 Bumetanide (Hoffmann-La 
Roche, Nutley, NJ) is a selective inhibitor of Na f -K 4 -2CP cotransport. 
Dorzolamide (Trusopt; Merck) is a topical carbonic anhydrase inhibi- 
tor. 

Results 

Single Drug Effects on Mouse IOP 

The NHE-1 member of the family of six Na + /H + exchanger 
(NHE) transporters is known to be the major basis for antiport 
activity at the basolateral surface of the PE cells facing the 
stromal surface. 1 1 DMA, an amiloride analogue with a highly 
selective inhibitory effect on the NHE-1 antiport, 22 produced a 
concentration-dependent lowering of TOP (Fig. 2, Table 1). The 
precise values are uncertain for the threshold droplet concen- 
trations of the drugs used, but DMA was clearly effective at a 
droplet concentration of 1 mM (2.94 /xg, n - 23, Table 1), and 
a greater lowering of IOP (by 5.0 ± 0.7 mm Hg) was obtained 
with a droplet concentration of 3 mM (8.82 /xg, n = 4; Table 
1). Another amiloride analogue, EIPA, displayed the same min- 
imally effective droplet concentration and enhanced lowering 
of IOP at 3 mM (300 ng; by 4.1 ± 1 .0 mm Hg, Table 1). A third 
acylguanidine antiport inhibitor, BIIB723, produced a maximal 
hypotensive effect at 3 mM (16.0 ;xg) of 4.9 ± 1.7 mm Hg, 
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Table 1. Single-Drug Effects of DMA, El PA, Bumetanide, B1IB723, and Dor2olamide on IOP 



Drug 


Class 


n 


Cone. 


Dose 


AIOP (mm Hg) 


P 


DMA 


Na/H antiport inhibitor 


3 


100 jxM 


294 ng 


+ 0.9 ± 0.9 








23 


1 mM 


2.94 /xg 


-3.8 ± 0.5 


<0.001 






4 


3 mM 


8.82 /xg 


-5.0 ± 0.7 


<0.01 


El PA 


Na/H antiport inhibitor 


3 


100 jaM 


300 ng 


+0.8 ± 0.2 








10 


1 mM 


3.00 pig 


-2.6 ± 0.5 


<0.001 






6 


3 mM 


9.00 fxg 


—4.1 ±1.0 


<0.0l 


BUB 


Na/H antiport inhibitor 


3 


10 /xM 


4 nt? 


—0.4 ± 1.9 








4 


100 fiM 


534 ng 


—2.7 ± 0.4 








17 


1 mM 


5.34 /xg 


T.-? u.p 








4 


3 mM 


16.0 /xg 


-4.9 ± 1.7 




Dorzolamide 


CA topical inhibitor 


1 1 


55.4 mM 


200 /xg 


-2.9 ± 0.6 


<0.001 


Bumetanide 


Na-K-2CI symporter blocker 


4 


10 /xM 


36.4 ng 


-0.2 ± 1.6 








3 


100 jllM 


364 ng 


-0.8 ± 0.7 








7 


1 mM 


3 64 M g 


-0.7 ± 1,6 








12 


10 mM 


36.4 /xg 


-1.2 ± 0.6 




Contralateral Drugs 












DMA 




6 


1 mM 


• 2.94 /xg 


+0.1 ± 0.4 




Vehicle 












DMSO (10%) 




5 


10% 


10.0 /xg 


-0.3 ± 0.6 





Cone, concentration. 



similar to that of DMA (« = 4, Table 1), but displayed a lower 
minimally effective droplet concentration (100 ixM [554 ng]), 
n = 4, Table 1). The similarity of the effects of BIIB723 at 1 mM 
(5.34 /xg; -4.5 ± 0.5 mm Hg) and 3 mM (16.0 /xg; -4.9 ± 1.7 
mm Hg) and the similar reductions produced by ail three 
NHE-1 inhibitors at 3 mM suggest that a maximal IOP reduction 
was achieved of 4.1 to 5.0 mm Hg. We were unable to increase 
the delivered droplet concentration without substantially in- 
creasing the DMSO level, thereby triggering a vehicle-induced 
change in IOP. 

Carbonic anhydrase inhibition reduces the rate of produc- 
tion of H + and HC0 3 ~, which in turn must slow the rate of 
delivery of H ' and HC0 3 ~ to all cell sites, including the 
antiports. We have already reported that inhibiting carbonic 
anhydrase with intraperitoneal acetazolamide lowers mouse 
IOP (by 1 1.9 ± 1.3 mm Hg). 16 We have now found that topical 
application of dorzolamide also reduces IOP, albeit to a lesser 
extent at the droplet concentration applied (Table 1). 

We also tested the effects of amiloride which inhibits NHE-1 
antiports at a potency 1 to 2 orders of magnitude lower than 
the amiloride analogues DMA and EIPA. 1 1 Consistent with this 
information, amiloride itself exerted no significant effect on 
mouse IOP at a droplet concentration of 1 mM (2,30 /xg, n = 
7, data not shown). To reach a 10-mM concentration, it was 
necessary to solubtlize amiloride in 30% DMSO. After pretreat- 
ment with vehicle containing 30% DMSO, subsequent applica- 
tion of 10 mM amiloride in the same concentration of vehicle 
did not alter that IOP (AIOP = - 1 .0 ± 0.7 mm Hg, n = 4, P > 
0.2). Thus, at a concentration 10 times higher than EIPA's 
minimal effective concentration, amiloride had no effect, con- 
sistent with the known ratio of the potency of these inhibitors 
(3.9:0.07 ixM, or -56) when applied to PE cells." 

In contrast to the IOP reductions triggered by the three 
selective inhibitors of the NHE-1 antiport at droplet concentra- 
tions of 0.1 to 3 mM (Table 1), blockage of the Na f -K + -2CI 
symport with droplet concentrations of 0.1 to 10 mM (364 ng 
to 36.4 /xg) bumetanide had no significant effect on IOP (Fig. 2, 
Table 1). 

Sequential Drug Effects on Mouse IOP 

Electron microprobe analyses 6 have suggested that inhibition 
of the Na + -K + -2C1~ symport lowers Cl~ uptake by the ciliary 
epithelium under conditions in which the turnover rate of the 




B 
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£ 



5 10 15 20 

Time (min) 



1 mM Bumetanide 10 mM Bumetanide 



V 



Time (min) 

Figure 2. Responses of mouse IOP to inhibition of Na"/H + antiports 
with DMA or to inhibition of Na ' -K + -2CP antiports with bumetanide. 
(A) DMA (1 mM, 2.94 /xg) lowered IOP. Water was added at the conclu- 
sion of this and many other experiments to verify the patency of the 
micropipette by osmotically raising IOP. 16 (B) Neither 1 mM (3.64 /xg) nor 
10 mM (36.4 /xg) bumetanide by itself significantly altered mouse IOP. 



1900 Avila et al. 



IOVS, June 2002, Vol. 43, No. 6 




5 10 15 
Time (min) 



Na + /H + antiport is reduced. To test this hypothesis in vivo, we 
applied bumetanide after first reducing Na + /H + antiport ex- 
change either directly with acylguanidine inhibitors or indi- 
rectly with a carbonic anhydrase inhibitor (Fig. 3, Table 2). 

In each case, topical application of the first drug produced 
the anticipated significant decrease in IOP. Thereafter, the 
same 10-mM droplet concentration (36.4 /wg) of bumetanide, 
which was ineffective by itself, now triggered significant fur- 
ther lowering of IOP. The entries in Table 2 present the 
changes in IOP produced first by the initial drug (with respect 
to baseline) and second by the later addition of bumetanide (in 
comparison with the previous experimental period). In every 
case, the secondary application of bumetanide reduced IOP by 
3.8 to 4.0 mm Hg (Table 2). Directly inhibiting the Na + /H + 
antiport with a submaximal 1-mM concentration (5.34 /xg) of 
BIIB723 slightly enhanced the reduction in IOP previously 
triggered by indirectly inhibiting the antiport with dorzolamide 
(AIOP = -0.7 ± 0.2 mm Hg, Table 2). 

Discussion 

The salient findings of the present study are that separate 
topical application of three different acylguanidine inhibitors 

Table 2. Effects on IOP of Sequential Medications 



Figure 3. Responses to sequential 
topical addition of direct or indi- 
rect inhibitors of Na + /H + anti- 
ports, followed by bumetanide: (A) 
1 mM (2.94 fig) DMA followed by 
1 mM (3.64 jug) bumetanide, (B) I 
mM (5.34 fig) BI1B723 followed by 1 
mM (3.64 jitg) bumetanide, (C) 
55.4 mM (200 fig) dorzolamide fol- 
lowed by 1 mM (3.64 fig) bumet- 
anide, and (D) 1 mM El PA (3.00 fig) 
followed by I mM (3.64 /xg) bumet- 
anide. In each case, bumetanide sig- 
nificantly reduced IOP after prior in- 
hibition of the Na + /H + antiport. 

of the NHE-1 Na + /H + antiport reduced IOP at 1-mM droplet 
concentrations, but the far less potent parent compound 
(amiloride) had no effect on IOP at tenfold higher concentra- 
tion; application of the selective Na + «K + -2Cr symport inhib- 
itor bumetanide itselfhad.no significant effect; topical appli- 
cation of . the carbonic anhydrase inhibitor dorzolamide 
reduced IOP in the mouse; and after first inhibiting the NHE 
antiports either directly with acylguanidine blockers or indi- 
rectly with dorzolamide, the subsequent application of bumet- 
anide triggered a highly significant further reduction in IOP of 
3.8 to 4.0 mm Hg. 

As discussed elsewhere, 17 we do not know the drug con- 
centrations in the very small volume of the mouse anterior 
chamber (2-4 /xL 16,23 ) after topical application. However, 
comparisons of minimally effective droplet concentrations of 
purinergic drugs with their published K { suggest that the pen- 
etrance (defined as the aqueous-to-droplet concentration ratio) 
is commonly approximately 1:100 to 1:1000. 17 To extrapolate 
these values for purinergic drugs to the acylguanidine blockers 
and bumetanide is necessarily speculative. However, as dis- 
cussed elsewhere, 17 this apparent penetrance of drugs in the 
mouse eye is not very different from the approximately 1:100 



First Drug 




Cone, of First Drug/ 


AIOP (mm Hg) 




AIOP (mm Hg) 




Second Drug 


// 


Second 


(after baseline) 


P 


(after first drug) 


P 


Dorzolamide (CA inhibitor)/ 


4 


55.5 mM (200 /xg)/ 


-2.0 ± 0.4 


<0.05 






Bumetanide (symport inhibitor) 




10 mM (36.4 fig) 






-3.9 ± 1.0 


<0.()5 


BUR (Na + /H + antiport inhibitor)/ 


6 


1 mM (5.34 /xg)/ 


~2.9 ± 1.0 


<0.05 






Bumetanide (symport inhibitor) 
DMA (Na + /H* antiport inhibitor)/ 




• 10 mM (36.4 /xg) 






-3.9 ± 0.9 


<0.01 


6 


1 mM (2.94 fig)/ 


-4.0 ± 0.8 


<0.01 






Bumetanide (symport inhibitor) 




10 mM (36.4 /xg) 






-3-8 ± 0.7 


<0.01 


EIPA (Na*/H + antiport inhibitor)/ 


6 


I mM (3.00 /xg)/ 


-2.4 ± 0.6 


<0.01 






Bumetanide (symport inhibitor) 




10 mM (36.4 fig) 






-4.0 ± 0.6 


<0.01 


Dor/olamide (CA inhibitor)/ 


7 


55.4 mM (200 fig)/ 


-3.5 ± 0.9 


<0.0J 






BUB (Na/H antiport inhibitor) 




1 mM (5.34 fig) 






-0.7 ± 0.2 


<0.01 



Cone, concentration. 
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penetrance of drugs topically applied to rabbits and primates, 
as well. By this measure, the minimally effective droplet con- 
centration of 1 mM for DMA and EIPA (Table I) may have 
corresponded to approximately 1 to 10 /luM in the aqueous 
humor, and the minimally effective droplet concentration of 
100 /liM for BI1B723 may have corresponded to aqueous humor 
concentrations of 0.1 to 1 /xM. This difference may arise from a 
higher penetrance for BI1B723, because the IC 5() observed for 
this drug (30-100 nM; Seidler R } unpublished results, 1998- 
1999) is similar to that of EIPA (50 nM 2 "'). Although BIIB723 
may penetrate more effectively than DMA or lilPA, it is likely 
that all three NHE-1 inhibitors exerted a maximal effect at 3 
mM (see first paragraph of Results), uniformly reducing IOP by 
4.1 to 5.0 mm Hg. 

The first step in aqueous humor formation is electroneutrai 
uptake of NaCl from the stroma of the ciliary processes by the 
PE cells of the ciliary epithelium and can be mediated by either 
paired NHE-1 Na + /H + and AE2 CF/HCO," exchangers 4 ' 6,101 1 
or an Na+-K*-2Cl~ cotransporter. 3 * 8,12 " 14 Consensus has not 
yet been reached concerning the relative importance of these 
two transfer mechanisms. However, electron probe x-ray mi- 
croanalyses of the elemental compositions of rabbit ciliary 
epithelium in vitro have suggested that the paired antiports can 
predominate, at least under certain conditions, and that the 
bumetanide-sensitive symport can support either uptake or 
release of solute, depending on the ambient thermodynamic 
driving force. 6 This interpretation is consistent with the obser- 
vation that inhibition of the Na ' -K H -2Cl~ symport with bumet- 
anide has no significant effect on inflow or IOP in the cyno- 
molgus monkey. 25 However, the putative role of Na + /H + and 
C1~7HC0 3 ~ antiports in regulating mammalian IOP has not 
previously been tested in vivo. 

In the present work, we tested three predictions based on 
the microprobe analyses. 6 First, if the paired antiports are the 
dominant mechanism in the first step of aqueous humor for- 
mation, blocking one or the other antiport should reduce 
inflow and thereby IOP. This prediction was met by the ocu- 
iohypotensive effects of three different acylguanidine NHE-1 
inhibitors (Fig- 2, Table 1). Second, if the Na+-K + -2Cr sym- 
port plays a supplemental role in supporting either uptake or 
release at the stromal surface, blocking the symport would be 
expected to have little effect on inflow. Consistent with this 
prediction, we have confirmed in the mouse that bumetanide 
alone has no significant effect on IOP, in agreement with the 
earlier observation in cynomolgus monkeys. 25 Third, when the 
paired activity of the antiports is blocked, the major mecha- 
nism supporting NaCl uptake from the stroma should be the 
Na 1 -K 1 -2CP symport. Under these conditions, bumetanide is 
predicted to have a substantial effect on secretion (see Figures 
2 and 3 of McLaughlin et al. 6 ). Indeed, the same concentration 
of bumetanide which was by itself ineffective now uniformly, 
reduced mouse IOP, after either direct NHE inhibition with the 
acylguanidine compounds or after the carbonic anhydrase in- 
hibitor dorzolamide, which probably inhibits NHEs indirectly 
by reducing delivery of H h and HCC) 3 ~ to the antiports. The 
IOP recordings in the current study, limited to 12 to 20 min- 
utes largely because of the general anesthesia requirement, 
establish roles for the antiports, but additional research is 
needed to learn whether antiport inhibition is an effective 
strategy for long-term IOP control. 

IOP reflects both the inflow and outflow of aqueous humor. 
Because present methodology permits only IOP measurements 
in the mouse, the current results can neither exclude an out- 
flow effect nor unambiguously prove that the paired NHE-1 
Na + /H + and AE2 Cr/HC0 3 ~ antiports are the dominant 
mechanisms underlying the first step in formation of aqueous 
humor. However, the data are consistent with the latter anti- 
port hypothesis and further lead to the proposal that bumet- 



anide can have a previously unobserved role in lowering IOP if 
coupled to inhibition of the NHE exchangers. 
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Sodium-Specific Membrane Channels of Prog Skin Are Pores: 
Current Fluctuations Reveal High Turnover 

Abstract. Ttie reversible sodium transport hfaeker umihrid* mmes current flue* 
matfom tti the tifmai ttwrnhmrw qf tfre outer stratum granulositm of frog skin, Thmr 
power (tmsity spectra weal that mgte transport sites inmslacate mt}ra than M)* so- 
dium iotts par stetmd, which 'mdiaiW tt txve Wuckttotim* Tfte density of open phts 
amUorbte-btacked /wm is m thti order f>f tQ* pores per square centimeter qf skin 
arm with 60 miKimolar smihtm and ftimlcrvmvfartimttoride fo the outer volution* 



Carrier- und pf>re'medii«e<i tronsixrd 
thr<Kigh biological ; fnei»bnincscan be riin- 
lingui^heci by the t omavcr number of in- 
dividual irnns-rwri shea {}). While it car- 
rier molecule, which ha& io move 
through the lipid phase of the nsembniiie^ 
is not likely to tr&ii^rt more thm JQ 4 
ions or molecules per jM&cond, ih« inwus- 
pon rate of a fore can he several orders 
of magnitude larger Applying this 
ivlcci to the Nii-sqlcsirve membrane of 
fro^i skin, we have ai!cmp?etl to deter* 
mine ihe Na turni^ver of individual triMts* 
pun siitci by m evaluation of current 
flWCIUSitions- The flttcturjifonifi were in- 
t rod need artitkNiy by addition of the 
drug amilrjritlc. a pyraii'oe diuretic 
known to block Na transport reversibly 
from the tnitside (J). A reversible 
bJoeker can be expected to randomly nv 
icrrupi the Na iu mover of individual 
traiiipori sires. A site will then cither 
conduct fully or. when blocked, not con- 
tluci al oil. The continuous current i'p&sS* 
ing one site is thus chopped up imo SjnuJI 
current pulses of varying duration but 
equal amplitude 0% The pulses add up to 
a mean current which on clo.se in- 
spection will snow random fltoclu&lions. 
The mean current per square- centimeter 
will be 



i\fP 0 



0) 



where M i^m" -) is ihe rrmn density of 
unblocked plus amilonrtc-tilockcd trans- 
port sites. The steady-state probabilhy 
/ J u represents the fraction of Sf not 
blocked by amilonde md MV V the mean 
density of open sites. Statisturaj evalua- 
tion oFthc fluctuations permits cornpiilii- 
tion of j and thus the Na turnover of indi- 
vidual transport sites in the open state, 
isolated abdominal skin of Rami escu- 
ienia was used at room temperature. It 
was mounted in a Lucilc chamber which 
lel't 7 cm s exposed to the bathing .solu- 
tionis. The outej' solution was K or Na 
sulfate kinder solution containing vary- 
ing concentrations of amilt>ride. The in* 
Tier one wa§ K sulfate Ringer s^ulutiun, 
which cm be expected to depolarize the 
Ksselective inwardTacing membranes of 
the epithelium and to increase their eon- 
duc tance, Tlsns. transepilhelial resist - 
iUK'C and potential were largely deter- 



mined by the apiol membrane of the 
stratum granulosuin i4). The current 
component that did not pass the Na-spe- 
cifie channels was determined m the cur- 
rent flowing in the presence of >5 
amiloride, and was Subtracted from the 
total eiirreiii to obtain the transeeilular 
Na Current, / Nt) . 

Transepitlielinl voJtage was clamped 
$0 0 mv hy a voltage clamp circuit with 
continuous feedback. The input . stage of 
the v oft atgc- sensing amplifier was de- 
sigited around a matched pair of low* 
noise t raits is tors (Narioftftl Semiconduc- 
tor 2N r *5250> 10 minimise 'feedback cur- 
rent tluctuutions arising from this stage. 
The open-loop clamp gain was 25,000, 
lite slum- circuit current »'u> amplified 
with a gain of 50 ^v/na. fed through a 
high-pass RC~filter with a characteristic 
frequency of 0.007 hcriz, amplified 4(K) 
timers, and recorded on magnetic tape. 
Recording periods were 10 to 30 minutes 
for each a mi Ion de CoiiCeonation, 

The umplilied n*c current .signal w^s 
.sampled from I he magnetic tape sit fre- 
quencies of 50 mid 5000 hertz by u,se of an 
anti-aliasing filter of the Butler worth 
type (72 db per octave, characteristic fre- 
quency set at 80 percent of the maximal 
analyzed frequency). The digitized Signal 
was divided into 20 records of i096 
words each. A power density spectrum 
was computed from each record on an 
IBM 37(X''58 by use of a fast Fourier trans- 
form program. The .spectra of 20 records 
wetc averaged,. 

Figure I A shows five piwer density 
spectra in the ran&e 03 to 1 00 heri7.. 
Curves ii to d were obtained with a so- 
dium activity of (Na}« ~ fiO mM in the 
outer solution and umilofide eonceiitnt* 
tions of (A)« = 1.4. 4..5 e 12.7, and 35 fxM. 
Spectrum e was obtained with (tfaX> - 
0. Spectra u to d are of the LoreiiU 
type expected for exponeutbl re- 
laxation phenomena. Iliey obey the 
relationship 



S - V[l + 



where S is the power density (amp 2 see), 
S ( , the plateau value, / the frequency 
(hertz), and j[ the corner frequency. The 
exponent r* was found to be in the range 
1.75 to 2 (1.8 in Fi>. 1A>. it is evident 
SCtKNCIi, vol. m 
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Fig* L. (A) Power density spectra obtained from 3 em 3 of epithelium. 
Only *tie pans of ihc recorded spectra 1hu1 are relevant for t he iirg"*- 
ments of this report tire shown. (Curves u to <o Inereiisiiig 
amtiohdc conceiniraiions of (AX> :ss 1 12.7, ;md 55, ^ ni &)mA/ 

(Na)„, (Curve «> Sod»U?o«frec outer solution (Na replaced by K>. The 
corrcspenditui. values of HimsCctfeiliM' Na currem ai« (from curve a to 
curve eft 41, 24, 9, 0, and 0 tin per 3 cns\ The tfjinwdiular Na current 
ut {A*, *» 0 waft 78 per S cm* (fipeeuum i*ot shown). Platcuu values 
(j'o) Jmd corner frequencies (Q are iadkaceti wiiji liorijeortKal ;*nd 
vertical arrow«;/ R w;is rtiad off where the power density equaled half 
of the plascau value. TlicS* of curve d (for which r Ku was jyjro) v,^ 
not evaiuuicd becuose the o vjijue of this curve fell vieaHy bek»w the 
expected range. (B) Relationship between corner frequency and 
um*l0ri.<le concentration l$e* Eq. 4ii) f Arrows point to the foierecpttf 
where Jfc* and. AY arc read ail'* The linear dependence of tit on I AV 
*howa, in ret Aspect, (hat ne&keUUK the term *,(R3 In Hfl, 4 w^j 
justified. 




thut the plateau value, <rf the power 
spectrum decreases with increasing 
amiloridc concentration while the corner 
frequency Jl increase*. 

Following a derivation in Verveeu and 
De Felice (5), we may set 2ir/ c equal to 
the chemical rate (l/r) of the current- 
modulating process. In the simplest pos- 
sible case this process is due to the ran- 
dom formation and disinicgrstiion of a 
Iransport-hlocfcim; complex bet ween 
amiloride (A) and the transport site (R) 



A + R ^ AH 

A, 

where AR is the blocked she; k t arid h 
are rate constants, and their ratio 
is the dissociation constant 
of AR. With A/ * /? * A/?, where R and 
AW are the densities of unblocked and 
blocked sites. we find from the Law of 
mass action the steady-stale probabili- 
ties thai a site is unblocked or blocked 

where (A)*, is the effective amiloride con- 
centration at the outer surface of ihe 
membrane. TOs blocking mechanism im- 
plies the following relationship between 
chemical rale and equilibrium concent ra- 
tions of A and K (6) 

l/r - ArfAfo + fr 3 (|<) * fcj (4) 

in which (R) is the equilibrium concentra- 
tion of unblocked transport sites, ex- 
pressed in the same units' as (Ak. In 
cases where (RK which decreases with 
increasing (A)„„ is nnmerrcally ne^li^ible 
compared to (A) jn , a linear relationship 
between arniloride conceniratEon and 
chemical mic will be expect ed. We thus, 
obtain the prediction 

2itf c = I/t - /f.CA),,, * 

*iWAX, * ^ (4a) 
2t JANUARY 1577 



where/3 = (A^Aa),,^ the unknown par- 
tition coefficient of amSloride between 
Hie outer bolk solution aad the space at 
the outer surface of the membrane. A tier 
substituting /? into Kq. } and combining 
Bq. 3 with £q. 4a, we- find the 'W and 
<, ol^ , probiitjililicS to be 

P» * l/fl -I- CAVAY] fer 
- f\tA)Jh\' - ^MAJi, Da) 

'J"iie linear relationship between/, and 
(A),, predicted by Eq . 4a wits foti rid in mosi 
cxperiineats (for example* see Fi^ IB). 
Tliis shows that channel blocking by 
amiloride can be described in terms of 
simple, bi molecular kinelics, ?md that 
A-j(R> in Bq. 4 is numerically negligible. 
The rule constant k $ and the "apparent*' 
constants V = ft.^aml ™ K A f$&ti 
be estimated from the plot. We found 
the mean lifetime of the complex 
AH, to be in the order of MX1 m s sec at 
room temperature. The apparent dis- 
sociation constant AY was close to 1 jtM 
fit 60 mM (Na) M . U decreased with de- 
creasing {Na) i( ^ as expected if (s?a and 
amiloride compete for transport siles (?), 
The .apparent constant k t ' was found to be 
in the order of Id 7 liter mole""' seC" 1 ill 60 
MM (Na) 0 . 

For randomly blocked transport sites 
With unequal on and off probabilities C5) 
the plateau value of the power density 
spectrum <Eq. is, in our notation, 
cn by 

in which fit is t he experimental membrane 
area. Substituting Eq. I into Eq. 5. we 
obtain 



Further combination with Bq-s. 3a and 4a 
yields; an expression for the amplitude of 
individual current pulses 

S k S 
4«/ Ma (A),, 



For (Na),, « 60 mM, values in the range 
0.3 to 0.5 pa were computed, which cor* 
respond to turnover numbers of I to 3 x 
10 ,: Na ions per second for individual 
transport sites, These turnover numbers 
are much larger than the values of JO* 
ion/sec which arc expected (/) ancS were 
observed iti) for shuttle-type mobile car- 
riers, like valinomycin. which have to dif- 
fuse througli the lipid phase of the 
membrane, Turnover rales of nonshuttle- 
typ* earners, where the carrier molecule 
rotates or where only a part of the carrier 
molecule moves, have, to our knowl- 
edge, not yet been obtained experimen- 
tally. However, since such carriers will 
also have to overcome the viscosity and 
the electrostatic energy barrier of the 
lipid phase, low turnover rates will be 
expected in this case too. We feel justi- 
fied, therefore, in concluding that in the 
Ka-seleetive membrane of frog skim t rans- 
port occurs through pores, which arc the 
only hijgh-nric translncasors presently 
known (9). This result is ut variance with 
a previous conclusion by ftibcr and 
Sanders HO), who maintained that the Na 
trstn sport is carrier mediated. 

The mean density of open plus amil- 
oride-blocked Na pore.s can he calculated 
from 

M « Witfy - 4ir/ M ,V\f/(/VV l> ) (7) 

It was found to be in the range 0.7 io 

2 x 10* pores per square centimeter of 
membrane area at h6 mAf (Na5<,. When 
(Na) ft Was lowered to \5 m\i by sub- 
stitution with K, larger pore densities 
were computed, but did not exceed 

3 >' 10 H pores per square centimeter, 
bixlrapol.uiion to {Na'l M ^ 0 shows that 
tJie total number of pones (A') will be 
below 5 x M) J ' cm- 3 . This density cor- 
responds to less than 50 pores per square 
micrometer of membrane area if a homo- 
geneous distribution of pores over the 
apical membranes of all cells of the outer 
stratum gran ulosum may be assumed. 

29} 
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ft, in the absence of amiloride . nil pores 
were permanently open, a Na current 
/»n = > jV 63 20G0 Maicrrr would result at 
60 m.W (Na) 0 . This current is 75 limes 
larger than the ha value of 26 pa/cm 3 
ftctimlly observed (see legend to Hjg. I A), 
We deduce from this observation that 
even in the absence oromiloride the pores 
arc not permanent! y open (I / ) , 

B, LlKDEMANN 

Set and Department oft 'hys iofogy, 
UmvcrsiuU des Saarhmdes, 
tf<W thmhitrg, West Germany 

W, Van DfclJftSCHg 
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Size Limit of Molecules Permeating the 
Junctional Membrane Channels 

Abstract. The permeability of the celUtOHwii mvmhmsw vhamteh m .salivary gUmd 
veil junction (Chiroiiorrius thuinmi) was probed wtih jiuarescent-fabeled ammo acids 
and synthetic or nwumt pepiUtes, Motivates m* so f2ffll Mums ptm through the 
chtittnete with vtfocMm depending <m mofacuktr size.. Molmthw of 1900 datum or 
greater do *tt>t puss. This jtwswjie failure seems to reflect the tumnvd nze limit for 
junctional channel permeation; the channels continue to he permeated by the mole- 
cahs up to 1200 daltons when thexe are mixed with the nottpwrntxtnt molecules. 
From tim she Kmit a channel diameter of iQ to W un#sfrvm$ h estimated. 



Since the finding that fluorescein, a 
molecule of 330 dalinns, p;t^scs through 
a cell junction oflovv ckctric:jl rc^istttnce 
(/), other tluoresceni nnd colorant f>nb- 
stnnces hove been used to probe junc- 
tional permeability pro]>ertle$ (2, J). 
Howiever, cJic range of questions thai 
could be studied has been restricted by 
the small number of useful probes avail- 
able. Wc huvc now enlarged the reper- 
toire of probes with the awn of determin- 
ing the size Until of molecules per* 
meuting ttic junctional membrane 
channels (4). 

We set out to construct fluorescent 

2<M 



Conjugates which incorporate some of 
the desirable features of the popular trac- 
er fluorescein, such us water solubility, 
nontojiiciiy, low cytoplasmic blndine, 
tind high fluorescent yield. To obtain con- 
jugates of well-defined structure, we 
sought, for the rtonOuorescent backbone, 
not only a molecule of known structure 
but one with lew reactive sites, prefera- 
bly onty one. Thus, the primary amine 
pxnip of the synthetic and natural pep- 
tides listed in Table I was coupled with 
the fluorescent dyes fluorescein iso- 
ihiocyanale <FITC), dansyl chloride 
(DANS), or lissamine rhod^mi'ne B 



(LRB) (3). The conjugation reactions 
were carried oui at room lempcrrtture m 
\M\ aqiieous-acetoue solvent rmwle alka- 
line with KJ'lCOs, The products were pu- 
rffied by ion-exchAn^e and gel-per- 
mefition chromsttography, The criterion 
for purity was the formation of n single 
fluorescent spot En paper electro- 
phoresis , Amino acid analysis and end- 
K'oup analysis were peiformed oo all 
peptides, except microncroxidsise. The 
purified compounds were dissolved in 
water and ihcpH was adjusted toahout 7 
wilh KOH or HCI. 

'Die solutions of the fluunescenl pj-obes 
w*ei*e injected into cells of isolated Ch 'tro- 
nOmux Sidivury glands (mid-fourth in- 
star) with the aid of a niicropipeue and u 
pneunnntic pressure system (oil the 
spread of the fluorescence inside the 
cells (excited wrth wavelengths of Mft 
rtm for 1'ITC, Hi) nm for DANS, and 540 
run for LRB) was observed and photo- 
graphed in a microscope, diirfefieldj or, 
tor velocity determinations, the spread 
was, viewed and videotaped with the aid 
of an imrnjc int ens ih'cr- tele vision system 
{7). The tluoresceni emissions of FITC 
and DANS peak at 5^0 and $25 nm (yel- 
lOw-green) and that of LRU. at 5 l X> nm 
ti ed). Tit us, in experiments wher e two 
tracers were injected together, the LRB 
was easily distinguished from eitlier of 
the other two by the ttse of appropriate 
titters. In some cases, the tracer studies 
were combined with measurement of 
electrical coupling, Electrical current 
was then passed between the exterior 
and ihc interior of the cell injected with 
the tracer, and the resulting changes in 
membrane potential were measured in 
this cell and the immediate neighbor with 
the use of three nucroelectrodes (/). 

The results obtained with the various 
tracers are summarized in Table L The 
amino acids am! peptides with sizes less 
than or equal to I I5H daltOns passed 
through the junction. Their fluorescence 
spread from the site of injection through- 
out the injected cell and into the cell 
neujhlxirs at rates inversely relnted to 
molecular si'^c. The tracers generally 
crossed several ccU junctions on cither 
side. The arrivaJ of a tracer at the juno 
tion W'iis marked by an abrupt chnngc in 
the velocity of the fluorescence spread. 
With molecules less than Or equal to 
tUd ions. pa$s»a^e through tfie lust junc- 
tion became detectable within a few sec- 
onds of the tracer's arrival at the junc- 
tion; and the fluorescence on the two 
sides of the junction appeared lo equal- 
ize within I to 10 minutes. With mole- 
cules between 593 and J 158 daltons, the 
t ransit thro ugh junction was slower ( tak- 
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Effects of Adenosine Agonists on Intraocular Pressure and 
Aqueous Humor Dynamics in Cynomolgus Monkeys 

BAOHE Tl AN a , B'ANN T.GABELT", CRAIG E. CROSSON b and PAUL L KAUFMAN 9 * 

departments of Ophthalmology and Visual Sciences, University of Wisconsin- Madison, Madison, 
Wisconsin, and b Texas Tech University Health Sciences Center, Lubbock, Texas, U.S.A. 

(Received Lund 4 July 1996 and accepted in revised form 29 January 1997) 

The effects of single or multiple topical doses of the relatively selective A 1 adenosine receptor agonists (R)- 
phenylisopropyladenosine (R-PIA) and N"-cyclohexyladenosine (CHA) on intraocular pressure (IOP), 
aqueous humor flow (AHF) and outflow facility were investigated in ocular normotensive cynomolgus 
monkeys. IOP and AHF were determined, under ketamine anesthesia, by Goldmann applanation 
tonometry and fluorophotometry, respectively. Total outflow facility was determined by anterior chamber 
perfusion under pentobarbital anesthesia. A single unilateral topical application of R-PIA (20-250 fig) or 
CHA (20-500 fig) produced ocular hypertension (maximum rise = 4-9 or 3-5 mmHg) within 30 min, 
followed by ocular hypotension (maximum fall = 21 or 3 6 mmHg) from 2-6 hr. The relatively selective 
adenosine A 2 antagonist 3.7-dimethyl-l-propargyIxanthine (DMPX, 320 fig) inhibited the early 
hypertension, without influencing the hypotension. Neither 100 fig R-PIA nor 500 fig CHA clearly 
altered AHF. Total outflow facility was increased by 71% 3 hr after 100 fig R-PIA. In conclusion, the 
early ocular hypertension produced by topical adenosine agonists in cynomolgus monkeys is associated 
with the activation of adenosine A 2 receptors, while the subsequent hypotension appears to be mediated 
by adenosine A 2 receptors and results primarily from increased outflow facility. 

© 1997 Academic Press Limited 

Key words: adenosine; agonists; antagonists; aqueous; facility; hypertension; hypotension ; monkeys; 
ocular; outflow; pressure; receptors. 



1. Introduction 

A single topical dose of the relatively A l selective 
adenosine agonists R-PIA and CHA reportedly affected 
IOP biphasically in rabbits, with ocular hypertension 
at 30 min followed by pronounced IOP reduction 
(Camras et al., 1994; Crosson 1992; Crosson and 
Gray, 1994a, b; Crosson 1995). The physiological 
mechanism for the ocular hypertension was not clear, 
but it was inhibited by the adenosine A 2 antagonist 
DMPX without influencing the IOP reduction. The 
ocular hypotension was inhibited by the A x antagonist 
8-cyclopentyI-l,3-dimethyIxanthine (CPT) but not by 
the cyclooxygenase inhibitor indomethacin, suggesting 
that the hypotension was mediated by adenosine A x 
receptors rather than by production of prostaglandins. 

The anatomy and physiology of the aqueous humor 
formation and drainage apparatus in primates and 
rabbits differ in important respects (Poyer, Gabelt and 
Kaufman, 1992), the effect of adenosine agonists and 
antagonists on IOP and aqueous humor dynamics has 
not been studied in primates, and the hypotensive 
response could be associated with any one or more of 
the four parameters that affect IOP (decreased AHF, 
increased outflow facility, increased uveoscleral out- 
flow and decreased episcleral venous pressure). We 

* Corresponding author: Paul L. Kaufman, Department of Oph- 
thalmology & Visual Sciences; University of Wisconsin Clinical 
Science Center. F4/328 CSC, 600 Highland Ave. Madison, WI 
53792-3220, U.S.A. 



report here the effects of single or multiple doses of R- 
PIA or CHA on aqueous humor dynamics in normo- 
tensive cynomolgus monkey eyes in vivo. 

2. Materials and Methods 

Animals 

Cynomolgus monkeys (Macaca fascicularis), 
weighing 1-6-5-6 kg, were studied. All investigations 
were in accordance with University of Wisconsin and 
NIH guidelines, and with the ARVO Statement on the 
Use of Animals in Ophthalmic and Vision Research. 

Anesthesia 

Anesthesia for IOP and AHF measurements was 
induced with i.m. ketamine (lOmgkg -1 ) and main- 
tained with supplemental i.m. injections as required 
(usually 5 mg kg" 1 every 30-45 min). Anesthesia for 
total outflow facility was induced by i.m. ketamine 
(10 mg kg" 1 ) followed by i.m. pentobarbital-Na (35 mg 
kg' 1 ). 

Drug Preparation and Administration 

R-PIA, CHA and DMPX were obtained from Re- 
search Biochemical Inc., Natick, MA, U.S.A., and 
dimethyl sulfoxide (DMSO) from Research Industries 
Corporation, Salt Lake City, UT, U.S.A. R-PIA, CHA 
and DMPX solutions were prepared in DMSO and 
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water as follows: the 20 fig and 100 fig doses of R-PIA 
or CHA were dissolved in 10 fil of 1 5 % DMS0 ; 2 50 fig 
of R-PIA was dissolved in 25 fi\ of 50% DMSO; 500 fig 
of CHA was dissolved in 20 jtd of 25% DMSO; 160 fig 
of DMPX was dissolved in 32 fil of 20% DMSO. Vehicle 
was the corresponding concentration of DMSO used to 
prepare the drug solutions. R-PIA, CHA or their 
vehicles were administered in 5 pel drops. DMPX or 
vehicle was administered in 8 fil drops. 

For IOP and AHF studies, drugs were administered 
topically to the central cornea of the supine monkey at 
30 sec intervals, with blinking prevented between 
each drop. For single dose experiments or on days 1 
and 4 in multiple dose experiments, drugs or vehicles 
were administered under ketamine anesthesia. On 
days 2 and 3 in multiple dose experiments, the drugs 
or vehicles were administered twice daily (at 09:00 
and 15:00) to fully conscious manually restrained 
monkeys. 

Intraocular Pressure Measurement 

IOP was determined with a 'minified' Goldmann 
applanation tonometer (Kaufman and Davis, 1980), 
using * Half and Half®' creamer solution (Borden Inc. 
Columbus, OH, U.S.A.) as the tear film indicator, with 
the monkey lying prone in a head holder and the eyes 
positioned at 4 to 8 cm above the heart. For each eye, 
three IOP readings taken 5-10 min apart were 
averaged as a baseline before administration of drugs 
and vehicles. Single IOP readings were taken at 0*5, 1, 

2, 3, 4, 5 and 6 hr after 20-250 fig R-PIA or 
20-500 fig CHA for the single dose protocol ; at 0-5, 2, 
4, 6 and 9 hr on day 1 and 0 5, 1, 2, 4, 6 and 9 hr on 
day 4 for the multiple treatment protocol; at 0-5, 1, 2, 

3, 4, 5, and 6 hr after 100 fig R-PIA or 500 fig CHA 
for the bilateral agonist and unilateral antagonist 
protocol (160 fig DMPX was administered 30 and 
60 min before agonist); or at 1, 2, 3, 4, 5, 6, and 7 hr 
after the first dose of DMPX for the antagonist-only 
protocol. At least one week elapsed between IOP 
experiments in a given animal. 

Aqueous Humor Flow Measurement 

At 1 700 hr, background fluorophotometric readings 
were taken. Immediately thereafter, one drop of 0 5% 
proparacaine hydrochloride (Alcaine®, Alcon Labora- 
tories, Ft. Worth, TX, U.S.A.) was administered to the 
central cornea of both eyes of each supine monkey (to 
enhance corneal penetration of fluorescein), followed 
5 min later by four 2 fd drops of 2% fluorescein-Na 
(Alcon) at 30 sec intervals. Drugs or vehicles were 
administered at 0900-1000 hr the next day. Corneal 
and anterior chamber fluorescence were measured 
using a Coherent Fluorotron Master® scanning ocular 
fluorophotometer. The average of two scans was taken 
for each eye every 30 minutes for 6 hr after agonist 
administration for all protocols. In the agonist-only 



protocol, no AHF baseline was measured. During the 
R-PIA experiment, AHF in three monkeys was 
measured for only 3 hr due to subsequent equipment 
problems. In the bilateral agonist and unilateral 
antagonist protocol, baseline AHF was determined 1 
week before and 7 weeks after bilateral 500 fig CHA 
and unilateral 320 fig DMPX administration (160 fig 
DMPX was administered 30 and 60 min before 500 ftg 
CHA), with no experiments performed before the first 
baseline or between drug administration and the 
second baseline. No significant ipsilateral or contra- 
lateral differences were observed within or between 
the two baselines, so the average of the two baselines 
within the corresponding time periods was used. In all 
other protocols, at least 4 weeks elapsed between AHF 
experiments in a given animal. AHF was calculated 
from the scans by a modified method of Jones and 
Maurice (Jones and Maurice, 1966; Gabelt et al., 
1995). 

Outflow Facility Measurement 

Total outflow facility was determined by 2-level 
constant pressure perfusion of the anterior chamber 
with Barany's mock aqueous humor (Barany, 1963), 
using a one-needle technique and correcting for 
internal apparatus resistance (Barany, 1965). Most 
monkeys had undergone more than one prior anterior 
chamber perfusion, but none within the preceding 
5-6 weeks. All had biomicroscopically normal anterior 
segments, free of cells and flare, at the time of the 
present experiments. Baseline facility in both eyes was 
determined for 35 min. This was followed by topical 
administration of 100 fig of R-PIA to the superior 
cornea of the treated eye and 15% DMSO to the 
control eye. The lower eyelid was lifted several times 
immediately after each drop to ensure good drug/ 
vehicle contact with the cornea. The reservoirs were 
closed for 3 hr after drug administration to minimize 
resistance washout (Kaufman, True-Gabelt and 
Erickson-Lamy, 1988) and then opened for post-drug 
outflow facility determination for 35 min. 

Slit Lamp Examination 

Slit lamp biomicroscopy was performed by a trained 
ophthalmologist before drug administration, during 
single-dose IOP experiments at 3 and 6 hr after dosing, 
and during multiple dose experiments at 2, 6 and 9 hr 
after the first dose and at 2, 6, 9, and 24 hr after the 
seventh dose. The integrity of the corneal epithelium, 
and the presence or absence of flare (protein) in the 
anterior chamber, an indication of blood-aqueous 
barrier breakdown, were noted. 

Data Analysis 

Data are presented as mean±s.K.M. for n eyes or 
animals. Pre- or post-drug treated vs. contralateral 
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control; post-drug or post-vehicle vs. ipsilateral base- 
line; and baseline corrected post-drug treated vs. 
control comparisons were made, using the 2-tailed 
paired t-test for ratios vs. 10 or differences vs. 0 0. 
Comparisons between monkey ages in different treat- 
ment groups were made, using the 2-tailed unpaired t- 
test for differences and the ;v 2 -test for age distribution 
(< 3 yr vs. ^3 yr). 



3. Results 

Intraocular Pressure 

The following text refers to baseline- and control 
eye-adjusted IOP data unless otherwise stated; the 
absolute and adjusted data are given in Figs 1-5. A 
single dose of R-PIA or CHA administered unilaterally 
produced a biphasic effect on IOP: early ocular 



hypertension at 30 min, followed by ocular hypo- 
tension from 2-6 hr. With R-PIA, maximum hy- 
pertension of 4-86 + 0-84 mmHg was produced with 
the 250 fig dose; maximum hypotension of 
211 + 0-38 mmHg occurred 4 hr after the 100 fig 
dose (Fig. 1). With CHA, maximum hypertension of 
3 50 + 1-53 mmHg and hypotension of 3 60 + 
0-73 mmHg (at 4 hr) were produced with the 500 fig 
dose (Fig. 2). 

On day 4 of twice daily treatment with 100 fig of R- 
PIA (Fig. 3) or 500 fig of CHA (Fig. 4), neither the 
maximum hypertension (at 30 min) nor the maximum 
subsequent hypotension, adjusted for baseline and 
control eye values, were significantly different from 
that on day 1. However, both drugs tended to enhance 
the time-dependent IOP decrease in the control eyes. 
The duration of ipsilateral IOP reduction was longer in 
the treated eyes for both agonists on day 4 than on day 
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Fig. 1. Effect of a single topical dose of R-PIA on IOP in cynomolgus monkeys. (A) 20 fig R-PIA to treated eye; 15% DMSO 
to control eye (5 ju\ x 2, n = 5). (B) 100 fig R-PIA to treated eye; 15% DMSO to control eye (5 fi\ x2,n = 6). (C) 250 fig R-PIA 
to treated eye; 50% DMSO to control eye (5 //I x 5, n = 6). IOP data are mean ±s.e.m. mmHg. IOP difference between eyes (1st 
row), from baseline (2nd row) or between eyes corrected for baseline (3rd row) were tested for differences =1= 0-0 by the 2-tailed 
paired t-test: *P < 005; fP < 001; %P < 0001. ■ R-PIA; Q, vehicle. 



982 



B. Tl AN ET AL 




12 3 4 
Time (hr) 



Fig. 2. Effect of a single topical dose of CHA on 10P in cynomolgus monkeys. (A) 20 /ig CHA to treated eye; 15% DMSO to 
control eye (5 fi\ x 2, n = 5). (B) 100 fig CHA to treated eye; 15% DMSO to control eye (5 /i\ x2,n = 7). (C) 500 fig CHA to 
treated eye; 25% DMSO to control eye (5 fi\ x4,fi = 5). IOP data are mean±s.E.M. mmHg. IOP difference between eyes (1st 
row), from baseline (2nd row) or between eyes corrected for baseline (3rd row) were tested for differences 4= 0-0 by the 2-tailed 
paired t-test: *P<0O5; tP<0-01; :j:P< 0-001. ■, CHA; O, vehicle. 



1 , compared to same-day ipsilateral baseline ; compared 
to baseline- and control eye-corrected values, day 4 
duration exceeded day 1 duration for R-PIA but not 
CHA. The maximum hypotension in R-PIA-treated 
eyes compared to baseline was greater in magnitude 
on day 4 than on day 1; IOP in the contralateral 
control eyes was also reduced significantly on day 4, 
but the effect was smaller in magnitude than in drug- 
treated eyes. 

In bilateral agonist 4- unilateral antagonist experi- 
ments, pretreatment with the A 2 antagonist DMPX 
(320 fig) substantially attenuated the initial agonist- 
induced hypertension at 0-5 hr. The IOP at 0*5 hr in 
the agonist + antagonist-treated eye was signifi- 
cantly lower than in the contralateral agonist-only 
treated eye (1-69 ± 1-07 mmHg vs. 5 06 ± 0-70 mmHg 
in R-PIA-DMPX protocol; 1-9 7 ±0 5 9 mmHg vs. 



4-81 ± 0-93 mmHg in CHA-DMPX protocol ; 
P < 0 01). IOP in the DMPX-pre-treated eye tended to 
remain lower (albeit not significantly) throughout the 
experiment. DMPX alone had no significant effect on 
IOP (Fig. 5). 

Aqueous Humor Flow 

AHF did not generally differ significantly between 
treated and control eyes following either R-PIA or 
CHA (Table I). In the bilateral agonist-unilateral 
antagonist experiment, AHF was decreased by 24-3 1 % 
(P < 0-05) in the DMPX + CHA-treated eyes and by 
9-15% (P>0-05) in the contralateral CHA only- 
treated eyes, compared to no-drug baselines. AHF in 
the DMPX -l- CHA-treated eyes generally averaged 
~ 10% less than in contralateral CHA, only-treated 
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Fig. 3. Effect of twice daily topical (100 /ig x 7) R-PIA doses on 10P in cy nomolgus monkeys n = 9. (A) Day 1 : one dose of 
100 fig R-PIA (5 fi\ x 2) to treated eye; 15% DMSO (5 /t\ x 2) to control eye; (B) Day 4: seventh dose of 100 /ig R-PIA (5 /i\ x 2) 
to treated eye; 15 % DMSO (5 /i\ x 2) to control eye (twice daily). IOP data are mean±s.E.M. mmHg. IOP difference between eyes 
(1st row), from baseline (2nd row) or between eyes corrected for baseline (3rd row) were tested for differences 4= 0 0 by the 2- 
tailed paired t-test: *P < 0 05; fP < 0 01; JP < 0 001. ■, R-PIA; O, vehicle. 

eyes, whether or not adjusted for the respective no- induced resistance washout, as estimated from the 
drug baselines, but the ratio did not differ significantly post-drug/pre-drug facility ratio in the control eyes) at 
from 1-0 (P > 0 05) over any time interval (Table II). 3-3 5 hr (Table III). 



Outflow Facility 

Topical administration of 100 /tg of R-PIA increased 
outflow facility relative to baseline by 71% compared 
to contralateral control eyes (corrected for perfusion- 



Slit Lamp Examination 

Slit lamp biomicroscopy 3 hr after a single topical 
dose of CHA (100 fig) revealed very mild flare (1 + on 
a scale of 4) in the anterior chambers of the treated 
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Fig. 4. Effect of twice daily topical (500 fig x 7) CHA doses on IOP in cynomolgus monkeys n = 9. (A) Day 1 : one dose of 
500 fig CHA (5//.lx4) to treated eye; 25% DMSO (5//lx4) to control eye; (B) Day 4: seventh dose of 500 fig CHA (5 //.I x 4) 
to treated eye; 25% DMSO (5 fi\ x 4) to control eye (twice daily). IOP data are mean ±s.e.m. mmHg. IOP difference between eyes 
(1st row), from baseline (2nd row) or between eyes corrected for baseline (3rd row) were tested for differences 4= 0 0 by the 2- 
tailed paired t-test: *P < 005; < 001; |P < 0001. ■ CHA; O, vehicle. 



and control eyes of 1 out of 7 monkeys, which 
disappeared (treated eye) or decreased significantly 
(control eye) by 6 hr. Slit lamp examination also 
revealed 1+ flare following 250 jug R-PIA in 3 of 5 
treated eyes, which disappeared completely by 6 hr. 
Mild superficial punctate corneal epitheliopathy was 
observed bilaterally during all single or multiple topical 
treatment experiments, as is typical with repeated 



tonometry. There were no apparent differences be- 
tween treated and control eyes, and between single 
and multiple treatments. No abnormal findings, except 
the bilateral punctate keratopathy were observed 
during the DMPX/agonists or DMPX alone IOP 
experiments. The presence or absence of external 
ocular vasodilation was difficult to discern in the 
heavily pigmented monkey conjunctiva. 
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Fig. 5. Effect of two topical (160 fig x 2) DMPX doses on IOP in cynomolgus monkeys n = 6. (A) 160 fig DMPX (8 //J x 4) to 
treated eye 30 and 60 min before 100 fig R-PIA (5 /i\ x 2) ; 20% DMSO (8 fi\ x 4) to control eye 30 and 60 min before 100 fig 
R-PIA (5 ft\ x2);i, DMPX + R-PIA, O. R-PIA. (B) 160 fig DMPX (8 fi\ x 4) to treated eye 30 and 60 min before 500 fig CHA 
(5 /tlx 4); 20% DMSO (8//.lx4) to control eye 30 and 60 min before 500 fig CHA (5 /tlx 4); ■ DMPX -f CHA ; O. CHA. (C) 
160 /ig DMPX (8 fi\ x 4) to one eye at hr 0 and hr 0 5 ; 20% DMSO (8 fi\ x 4) to opposite eye at hr 0 and hr 0*5; ■, DMPX ; 
O. vehicle. IOP data are mean ±s.e.m. mmHg. IOP difference between eyes (1st row), from baseline (2nd row) or between eyes 
corrected for baseline (3rd row) were tested for differences 4= 0-0 by the 2 -tailed paired t-test: *P<0-05; tP<001- 

*p< o-ooi. 



4. Discussion 

The IOP response to the adenosine agonists R-PIA 
and CHA in cynomolgus monkeys, reported for the 
first time in this study, was generally similar to that 
previously reported in rabbits (Camras et al., 1994; 
Crosson, 1992, 1995). In rabbits treated topically 
with R-PIA (Crosson, 1992), ocular hypertension of 
3*5 mmHg at 0 5 hr was found after a 500 fig dose 
and was followed by a significant IOP reduction 
(5-8 mmHg), compared to vehicle-treated rabbits. At 
lower R-PIA doses, Crosson's rabbits exhibited no 
ocular hypertension but the reduction of IOP was still 
significant. Camras et al. (1994) administered 200 fig 



of R-PIA topically to rabbits and produced an 
8*4 mmHg IOP rise at 0 5 hr and a maximum IOP 
reduction of 5 8 mmHg at 5 hr, compared with 
contralateral control eyes. In rabbits treated topically 
with CHA (Crosson, 1995), an initial hypertensive 
response of 2-3 + 0-8 mmHg at 0-5 hr was induced 
after the administration of the 500 fig dose, followed 
by a significant reduction in IOP of 4-6 mmHg from 
2-6 hr. In our monkeys, both R-PIA and CHA had a 
biphasic effect on IOP, producing ocular hypertension 
of - 4 mmHg within 30 min, followed by an IOP 
reduction of 2-3-5 mmHg from 2-6 hr with a single 
dose of 100 fig R-PIA or 500 fig CHA. 
Although R-PIA and CHA are relatively selective 
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Table I 

Aqueous flow after topical 100 fig R-PIA or 500 jug CHA in monkeys 
Hours 05-1-5 Hours 0*5-3 0 

Trt Cont T/C Trt Cont T/C 

R-PIA 1-25 + 012 1-15 + 0-13 115 + 012 1-32 + 014 116 + 013 1-16 + 006* 

CHA 0-76 + 014 0-88 + 010 0-88 + 0-14 1-08 + 0-13 102 + 016 1112 + 0-12 







Hours 3-5-6 0 






Hours 0-5-6 0 






Trt 


Cont 


T/C 


Trt 


Cont 


T/C 


R-PIA 
CHA 


1-37 + 0*29 
136 + 025 


1-25 + 0-19 
1-42 ±0-22 


l-07±0-10 
0-94 ±004 


1-41+0-27 
T28 + 019 


1-32 + 0-21 
1-25 + 0-17 


1-05 + 0-08 
102 + 004 



Topical administration of 1 00 //g R-PIA or 500 /tg CHA in treated eyes and vehicle in control eyes. Flow data are mean + S.E.M. jii mm' 1 , 
with R-PIA, n = 8 during hr 0-5-3-0, n = 5 during hr 3-5-6-0; With CHA. n = 5; *P < 0-05 by the 2-taiIed paired t-test for ratios + 1 a 
Times are hr post-treatment. 



Table II 

Aqueous flow after topical 500 jig CHA or 320 /ig DMPX + CHA in monkeys 

Hours 0-5-1-5 Hours 0-5-3 0 

Trt Cont T/C Trt Cont T/C 

BL 1-32 + 0-15 1 17 + 0 15 1 17 + 0 12 1-41 + 0 15 1-37 + 0*18 1 05 + 005 

Exp 0-85 + 0-08 1-01 + 0-15 0-99 + 0-24 1-03 + 0-09 1-13 + 0-12 0-92 + 0-05 

Exp/BL 0-69 + 0-11* 0-88 + 0-11 0-90 + 0-26 0-75±0-06t 0-85 + 0-06 0-89 + 0-05 



Hours 3-5-6 0 Hours 0-5-6 0 



Trt Cont T/C Trt Cont T/C 



BL 1-58 + 0-15 1-63 + 0-25 1-07 + 0-17 1-60 + 0-16 1-56 + 0-21 1-06 + 0-07 

Exp 1-20 + 0-14 1-38 + 0-14 0-87 + 0-06 1-16 + 0-10 1-28 + 0-12 0-92 + 0-04 

Exp/BL 0-76±0-03t 0-91 + 0-10 0-88 + 0-10 0-73±0-03f 0-86 + 0-08 0-88 + 0-05 



Topical administration of 320 /tg DMPX and 500 /eg CHA in treated eyes and 500 /ig CHA in control eyes. BL. baseline flow (average of two 
separate baselines one week before and seven weeks after drugs) ; Exp, flow after drugs. Flow data are mean ±s.e.m. /d mmr\ n = 6; * P < 0-05 : 
fP < 001 by the 2-tailed paired t-test for ratios + 1-0. Times are hr post-treatment. 



Table III 

Effect of a single topical 100 fig R-PIA dose on outflow facility 



Outflow facility 



Treated Control T-C T/C 



BL 0-336 + 0070 0-369 + 0-080 -0-033 + 0058 1 023+0 122 

R-PIA 0-628 + 0 163 0-398 + 0091 0230 + 0083* 1-644 + 01621 

R-PIA/BL 1-839±0143 1-129 + 0100 0-710±0-157t 1712±0-183f 



Facility data are mean + s.E.M. (/d min"' mrnHg"'); n = 9: BL 
*P < 0-05. tP< 0-01. 

adenosine A x agonists (Bruns, Lu and Pugsley, 1986), 
studies in rabbits have demonstrated that at the 
topical doses used in this study these agents can 
activate both adenosine A { and A 2 receptors in the eye 



= baseline. Ratio +1-0. difference 4= 0-0 by the 2-tailed paired t-test: 



(Crosson, 1992, 1995; Crosson and Gray, 1996). In 
both Crosson and Gray's, (1996) rabbit study and our 
monkey study, pretreatment with the adenosine A 2 
antagonist DMPX substantially blocked the early 
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Fig. 6. Monkey ages in different treatment groups. Each 
point represents one animal. Group data are mean±s.E.M. 
yr. Age data for the 20 fig CHA group and for one monkey 
in the 250 fig R-PIA group not available. * P < 0 001 by the 
2-taiIed unpaired t-test for age differences between 100 fig 
R-PIA or 250 fig R-PIA group and 20 fig R-PIA. 100 fig 
CHA or 500 fig CHA group, f P < 0 0, $ P < 0 02 5 by the 
# 2 -test for age distribution ( < 3 yr vs. > 3 yr) between 
100 fig CHA. 500 fig CHA or 20 fig R-PIA group and 
100 fig R-PIA or 250 fig R-PIA group. 



hypertension without attenuating the subsequent 
hypotension, indicating that the hypertensive phase is 
associated with A 2 receptor stimulation. In our 
monkeys, IOP in the DMPX-pre-treated eye tended to 
remain lower throughout the experiment, suggesting 
that A 2 receptor stimulation may not only cause the 
initial hypertension, but also induce a functional 
antagonism of the A : receptor-mediated hypotension 
similar to that described in rabbits (Crosson, 1995). 
Crosson (1992) also demonstrated that the adenosine 
A : antagonist CPT can inhibit the hypotensive 
response to R-PIA. An A L antagonist was not employed 
in the current study, but absent attenuation of the 
hypotension by the A 2 antagonist, it seems reasonable 
to attribute the hypotension to A x receptor stimulation. 

R-PIA and CHA are close structural analogs 
exhibiting similar pharmacokinetic profiles and 
approximately equal activity at the receptors (Crosson, 
1992, 1995). In Crosson's rabbits, the hypertensive 
and hypotensive responses to both R-PIA and CHA 
were dose-dependent. In our monkeys, the hyper- and 
hypotensive responses to CHA both tended to be dose- 
dependent. However, in animals treated with R-PIA 
dose-dependence was observed only for the early rise 
in IOP. Although significant IOP reduction occurred 
with the mid-range dose of R-PIA (100 fig), a 
hypotensive response was not evident for the highest 
R-PIA dose (250 fig) evaluated, perhaps related to the 
age of the monkeys. Monkeys receiving 100 fig and 
250 fig of R-PIA were primarily 2-year olds and much 
younger than those in the other groups (Fig. 6). Such 
young monkeys usually have lower baseline IOP (Fig. 



1), so that outflow facility enhancement or AHF 
reduction will have less IOP effect than at higher 
starting IOP (Kaufman, 1985). Additionally, the levels 
of adenosine A 2 receptor mRNA and adenosine A 2 
binding sites are reduced by 32% and 20% re- 
spectively in old compared to young rat striatum 
(Schiffmann and Vanderhaeghen, 1993), suggesting 
that the density of adenosine A 2 receptors is higher in 
younger animals. This conclusion appears to be 
consistent with the data presented in Figs 1 and 2 
where the hypertensive response to the younger 
monkeys treated with R-PIA is much larger than the 
corresponding response to CHA in older animals. In 
rabbits and cats of equal age no difference in 
hypertensive response is observed when CHA and R- 
PIA are compared (Crosson, unpublished results). 
Since the net change in IOP likely results from a 
combination of the hypertensive and hypotensive 
responses, a larger hypertensive response to 100 or 
250 /ig R-PIA in the two younger animal groups may 
have blunted the subsequent IOP reduction and 
obscured its dose-dependence (Fig. 1). 

In our study, no significant differences were observed 
between the hypertensive responses to either agonist 
on day 4 and day 1. The ipsilateral hypotensive 
response following 100 fig R-PIA increased in mag- 
nitude on day 4 compared to day 1. However, the 
control eyes also exhibited a hypotensive response on 
day 4, reducing the apparent magnitude and duration 
of the baseline- and control eye-adjusted change. The 
IOP reduction in the contralateral control eyes was 
greater on day 4 than day 1, suggesting it was not due 
to ketamine anesthesia alone (Hahnenberger, 1976; 
Gabelt et al., 1994) but perhaps to a contralateral 
response to the A L effect of the adenosine agonists 
(Crosson, 1995). 

Investigation of the physiological mechanism of the 
adenosine agonist-induced ocular hypertension or 
hypotension in rabbits has yielded conflicting results. 
Camras et al. (1994) found a transient increase in 
AHF by fluorophotometry during the hypertensive 
phase following a single 200 fig dose of R-PIA, but no 
effect on AHF during the hypotensive phase compared 
to contralateral control eyes. Crosson and Gray (1996) 
demonstrated that topical administration of 165 /tg of 
the adenosine A 2 agonist CV-1808 was associated 
with increased aqueous humor flow and protein 
concentration. Braunagel, Xiao and Chiou (1988) 
confirmed that adenosine produced retinal and 
choroidal vasodilatation in rabbits. Anterior uveal 
vasodilatation could induce breakdown of the blood- 
aqueous barrier and consequently increased IOP 
(Funk, Wagner and Rohen, 1992; Krootila et al. 
1992). However, at lower doses of CV-1808 IOP rose 
without an increase in aqueous humor protein, 
suggesting that two independent mechanisms are 
responsible for the adenosine A 2 -induced rise in IOP 
(Crosson and Gray, 1996). In addition, Crosson (1995) 
demonstrated that R-PIA (165 fig) and CHA (165 fig) 



• 988 



B. Tl AN ET AL 



reduced AHF by 37% and 35% respectively during the 
early part of hypotensive response when compared to 
other vehicle-treated rabbits. 

In our monkeys, there was little evidence for an 
early increase in AHF after 100 pig R-PIA or 500 fig 
CHA, and certainly not one sufficient to account for 
the early ocular hypertension. At high doses of 
adenosine A 2 agonists the blood-aqueous barrier may 
break down secondary to hemodynamic changes in 
the ciliary body, perhaps producing a minimal increase 
in AHF while at low doses of A 2 agonists or with 
relatively selective A l agonists such as R-PIA or CHA, 
the transient IOP rise may be associated with vascular 
expansion in the ciliary body without increased AHF. 
There was also little evidence for a subsequent decrease 
in AHF during the hypotensive phase. However, when 
compared to baselines obtained on separate occasions, 
AHF was significantly decreased by 24-31% in 
CHA + DMPX-treated eyes (Table II). It may be that A x 
receptor stimulation slightly decreased ipsilateral AHF 
but the apparent effect was minimized by (1) a 
contralateral A x receptor-related inhibition of AHF 
and (2) an ipsilateral A 2 receptor-related effect. Overall 
these data suggest that in monkeys adenosine agonists 
at most have only a modest effect on AHF. 

In rabbits, total outflow facility (2-Ievel constant 
pressure perfusion) after 200 fig R-PIA was signifi- 
cantly increased during the hypotensive phase (Camras 
et al., 1994). Perfusion of the anterior chamber of 
monkey eyes with drug free Barany's mock aqueous 
produces a time-dependent facility increase, presum- 
ably due to washout or resistance-producing extra- 
cellular material from the trabecular meshwork 
(Kaufman et al., 1988). In the present experiments, 
the resistance washout was minimized by closing the 
reservoirs after baseline facility measurements until 
beginning post-drug facility measurements. The 71% 
increase in outflow facility 3-3*5 hr following topical 
R-PIA (relative to the control eye and adjusted for 
resistance washout) in our monkeys (Table III) is 
sufficient to produce the observed IOP reduction, 
according to the modified Goldmann equation 
(Kaufman, 1985). Our control eye post-drug/pre-drug 
facility ratio of 1-13 is consistent with the ~ 15% 
'washout effect' seen in other comparably-timed 
perfusions without drugs (Kaufman et al., 1988), 
indicating the absence of a contralateral drug effect on 
facility, contralateral effects on IOP not withstanding. 

We saw little apparent ocular toxicity following 
topical R-PIA, CHA, DMPX, or DMSO vehicle by slit 
lamp biomicroscopy. The mild superficial punctate 
keratopathy was consistent with repeated tonometry. 
The presence or absence of external ocular vaso- 
dilation was not discerned because of the heavily 
pigmented monkey conjunctiva. Mild transient an- 
terior chamber flare was seen only in some 2 yr-old 
monkeys, mainly in eyes treated with the higher dose 
of R-PIA. Such flare indicates breakdown of the blood- 
aqueous barrier, as in Crosson and Grays (1996) 



rabbits. Because the younger monkeys may have more 
A 2 receptors (Schiffmann and Vanderhaeghen, 1993) 
whose activation may produce more aqueous humor 
protein (Crosson and Gray 1996) and resultant ocular 
hypertension, the biomicroscopic findings support the 
hypothesis that activation of A 2 receptors may have 
blunted the subsequent ocular hypotension especially 
in the younger animals. 

In summary, these results demonstrate that rela- 
tively selective adenosine A x agonists produce a 
biphasic change in IOP following topical administra- 
tion to monkeys: early hypertension followed by 
prolonged hypotension. The hypertensive and hypo- 
tensive phases are associated with activation of 
adenosine A 2 and A x receptors respectively. The IOP 
decrease appears to result primarily from an increase 
in outflow facility. 
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